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Preface to the Second Edition 


The steady increase in our knowledge and understanding of plant development which has 
occurred since the first edition of this book almost 10 years ago has necessitated its extensive 
revision. In the present edition large sections have been rewritten and extended to bring 
the information up to date, and an additional chapter on Phytochrome and Photo¬ 
morphogenesis is now included. There has also been extensive rearrangement of the 
material to give a more logical and coherent presentation. 

Wc are indebted to our colleagues Pr. M. A. Hall and Pr. P. F. Saunders, and to Pro¬ 
fessor J. Heslop-Harrison and Professor J. Zcevaart, for reading various sections of the 
revised manuscript and tor their helpful and constructive criticisms. 
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Preface to the First Edition 


The phenomenon of development, in both plants and animals, presents some of the most 
challenging unsolved problems of biology and is one of the remaining areas in which it 
cannot yet be said that we have made a decisive “breakthrough”, comparable with the 
recent advances in biochemistry and molecular biology. Nevertheless, during the past 30 
or 40 years there has been a steady advance in our understanding of the physiology of 
growth and differentiation in higher plants, so that there is now a considerable body of 
well-established knowledge in this field. It is generally accepted that some knowledge of 
the physiology of plant growth and differentiation is important for all students of the botan¬ 
ical sciences, and sections on this subject are commonly included in textbooks of plant 
physiology. The developmental approach is now also given more prominence in the con¬ 
temporary teachings of plant form and structure than in the past, but there have been few 
attempts to bring together both morphological and physiological approaches within the 
same volume, and this we have attempted to do. Unless we attempt to relate the two 
approaches to each other, morphological and anatomical accounts of growth and differen¬ 
tiation must remain largely descriptive in nature, whereas our aim should clearly be to 
understand the processes underlying and controlling the structural changes. Conversely, 
physiological and biochemical studies which are not related back to developmental pro¬ 
cesses in the plant arc liable to lose relevance and biological significance. 

While it is true that we have found it convenient to concentrate on the structural aspects 
of development in the first few chapters, nevertheless we have attempted, throughout the 
book, to base our whole approach upon the growth and differentiation of organs and 
tissues, and the major developmental changes in the plant as a whole. Thus, after giving a 
brief account of the chemistry and biochemistry of plant hormones, we return to consider 
their role in the control of growth and differentiation at various levels. We then consider 
the factors regulating the major phase-switches in the development of the plant as a whole, 
viz. those controlling flowering, dormancy and senescence. 

Finally, in the last chapter, wc examine some basic problems in plant development, in¬ 
cluding the nature of the control mechanisms in differentiation. There arc large gaps in our 
understanding of some of the most important aspects of development, such as the nature of 
the processes controlling the orderly sequence of changes so characteristic of development 
of all organisms. The discussion on such topics is, of necessity, largely speculative, but cur¬ 
rent thought in molecular genetics and theories of gene activation and repression derived 

xi 
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from studies on micro-organisms enable us to formulate the problems in more precise 
terms than has been possible hitherto. 

The book is intended primarily as an introduction to plant growth and differentiation for 
undergraduate students. While we have attempted, so far as possible, to give the supporting 
evidence for statements, references to the individual pieces of research upon which wc have 
drawn are reduced to a minimum. We believe that an over-extensive chronicle of research 
workers’ names and dates only serves to distract the student’s attention from the main 
theme. We arc confident that the many unnamed researchers whose work has made this 
book possible will not be offended. To assist the student, however, we have provided a list 
of additional reading, from which he can obtain detailed reference lists. 

This bo< ik has only been made possible by the kind assistance of many persons in different 
ways and we make grateful acknowledgement of their help. We should mention specially, 
however, Professor A. W. (lalston. Professor H. Heslop-Harrison, our editors, Professor 
Ci. F. Asprey and I )r. A.(i. Lyon,and our colleagues, Dr. M. A. ilatland Dr. P. F. Saunders, 
all of whom have read sections of the book and have made most helpful suggestions. 
Responsibility for any errors which may have crept into the book must remain ours, 
however. We also wish to thank Miss M. Higwood for her skilled assistance in the prepara¬ 
tion of some of the diagrams. 



CHAPTER i 


Growth in the Higher Plant 


INTR ODUCTION 

We are all so familiar with the remarkable changes winch occur during the life cycle of a 
plant, from germination to fruiting and senescence, that we tend to take the phenomenon 
of development for granted, so that it may cease to excite our wonder. Nevertheless, the 
orderly succession of changes leading from the simple structure of the embryo to the 
highly complex organization of the mature plant presents some of the most fascinating and 
challenging outstanding problems of biology. In this book we shall be concerned primarily 
with describing and examining what is known about the processes underlying and control¬ 
ling plant development. 

Before we can proceed, however, it is necessary to define certain terms, which arc not 
always used in precise senses. Development is applied in its broadest sense to the whole series 
of changes which an organism goes through during its life cycle, but it may equally be 
applied to individual organs, to tissues or even to cells. Development is most clearly mani¬ 
fest in changes in the form of an organism, as when it changes from a vegetative to a flower¬ 
ing condition. Similarly, we may speak of the development of a leal, from a simple pri- 
mordium to a complex, mature organ. 

Plant development involves both growth and differentiation. The term growth is applied 
to quantitative changes occurring during development and it may be defined as an irrevers¬ 
ible change in the size of a cell, organ or whole organism. The external form of an organ is 
primarily the result o( differential growth along certain axes. However, during development 
there appear not only quantitative differences in the numbers and arrangement of cells 
within different organs, but also qualitative differences between cells, tissues and organs, to 
which the term differentiation is applied. Differentiation at the cell and tissue level is well 
known and is the primary object of study in plant anatomy. However, we may also speak of 
differentiation of the plant body into shoot and root. Similarly, the change from the vege¬ 
tative to the reproductive phase may also be regarded as another example of differentiation. 
We shall, therefore, apply the term differentiation in a very broad sense to any situation in 
which meristcmatic cells give rise to two or more types of cell, tissue or organ which are 
qualitatively different from each other. 
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Thus, wc may say that growth and differentiation are the two major developmental processes. 
Usually growth and differentiation take place concurrently during development, but under 
certain conditions we may obtain growth without differentiation, as in the growth of a 
mass of callus cells (Chapter 6). 

The problems of development can be studied in a number of different ways, but basic¬ 
ally there are two major types of approach, viz. (1) the morphological and (2) the physio¬ 
logical and biochemical, Developmental morphology and anatomy were formerly largely 
concerned witli describing the visible changes occurring during development, but current 
interest is mainly directed to trying to understand the factors and processes determining 
plant form, using experimental techniques, such as surgery, tissue culture, autoradio¬ 
graphy and so on. I lowever, development cannot be fully understood without a study of 
the manifold biochemical and physiological processes underlying and determining the 
morphological changes, and it is these latter aspects of development which form the main 
subject of this work. 

I he experimental morphologist often uses the term morphogenesis, which, in the literal 
sense, is concerned with the origin of form in living organisms. However, by the term 
“form” should he understood not only the gross external morphology of the plant, but its 
whole organization, which may be recognized as existing at several different levels; thus, 
we may recognize (1) the structural organization of the individual cell, as shown by electron 
microscopy, (2) the organization of cells to form tissues, and (3) the organization of the 
plant body at the macroscopic level. Moreover, in the study of morphogenesis we are 
concerned not only with observable changes in form and structure hut also with the under¬ 
lying processes controlling the development of organs and tissues, and insofar as these pro¬ 
cesses must ultimately he explainable in terms of physics and chemistry, this aspect of 
morphogenesis is identical with developmental physiology and biochemistry. However, at 
the present time our knowledge of the molecular basis of morphogenesis is very fragmen¬ 
tary and we know very little about the physiological and biochemical processes regulating, 
for example, the initiation and development of leaves. 

When we come to consider the physiology of development, we find a further dichotomy 
of approach. On the one hand, a considerable body of knowledge has been acquired about 
the role of hormones as “internal” factors controlling growth and differentiation; on the 
other hand, the profound importance of environmental factors, such as day length and 
temperature, in the regulation ot some of the major phases in the plant life cycle has been 
clearly demonstrated, although there is considerable evidence that a number of environ¬ 
mental influences are mediated through effects on the levels and distribution of hormones 
within the plant. 

It is axiomatic that the plant body at any given stage is the resultant of the interaction 
between the inherent (genetic) potentialities of the species and the external factors of the 
environment. Thus, we cannot say that certain characteristics of the plant are determined 
genetically, whereas others are environmentally determined, since all its characteristics are 
affected by both gcnctical and environmental influences. However, it is quite legitimate to 
say that some differences between plants arc primarily genetically determined whereas 
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others are due to environmental factors. Thus, the lack of chlorophyll in a plant may be 
caused by a mutation affecting chlorophyll biosynthesis. On the other hand, a plant may 
lack chlorophyll because it has been grown in the dark, so that it is etiolated. But it must be 
emphasized again that the development ot a normal green leaf requires both the appro¬ 
priate genetical factors and certain environmental conditions, including light. 

When we speak of the genetical potentialities of the species we must include not only 
genes located in the nucleus, but also cytoplasmic factors. Certain characters of the plant, 
including some chloroplast characters, show cytoplasmic inheritance. This fact should not 
surprise us unduly, since it is now well established that chloroplasts contain ON A and are 
probably self-replicating organelles. In this book we are not primarily concerned with 
genetical aspects of morphogenesis, but in all our discussions of this problem it is a basic 
assumption that, in the final analysis, development involves the expression of the informa¬ 
tion stored in the genes. 


THE LOCALIZATION OF GROWTH 

One of the essential characteristics of organisms is that they are able to take up relatively 
simple substances from their environment and use them in the synthesis of the varied and 
complex substances of which cells are composed. It is this increase ill the amount of living 
material which is basically what we mean by growth. At the cellular level the increase in 
living material normally leads to an increase in cell size and ultimately to cell division. 
These two aspects of growth are seen in their simplest form in unicellular organisms such 
as bacteria, unicellular algae and protozoa, where growth leads to enlargement of each cell 
which then divides and the process is repeated. 

When we come to consider the growth of multicellular organisms, such as the higher 
plants, the situation is much more complex. It is true that here, also, growth ultimately 
depends on the enlargement and division of individual cells, but not all cells of the plant 
body contribute to the growth of the organisms as a whole, for growth is restricted to 
certain embryonic regions, the meristans. This restriction of the growing regions is prob¬ 
ably related to the fact that mature plant cells arc normally surrounded by relatively thick 
and rigid cell walls, and many cells of mechanical and vascular tissues arc, of course, non¬ 
living. 1 hese facts would probably render co-ordinated growth, involving both cell divi¬ 
sion and cell enlargement, difficult in an organ, such as a stem once a certain stage of differen¬ 
tiation had been reached. We shall sec later that most living plant cells retain the capacity to 
divide under certain conditions, but even if they do divide the daughter cells do not 
necessarily increase in size, unless they are relatively thin-walled cells which arc able to 
revert to the embryonic or “meristeinadc” condition. In having rather strictly localized 
embryonic regions higher plants differ from animals, where growth typically occurs 
throughout the organism as a whole. 

This difference between higher plants and animals is no doubt related to the basic differ¬ 
ences in the modes of nutrition of the two groups. Because they have to take up water and 
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mineral salts from the soil, the autotrophic land plants must necessarily be rooted and 
sessile, whereas most animals have to forage for their food, whether they are herbivorous 
or carnivorous, and they need, therefore, to be mobile. This requirement for mobility in 
animals which forage for their food, in turn, demands that they should have flexible bodies, 
whereas the plant body can be much more rigid and indeed it needs to be so in erect- 
growing plants, especially in large forest trees. I Ins rigidity and firmness of the plant body 
depends upon the presence of relatively thick and firm cell walls, whether in the living cells 
of the leaf, for example, or in the non-living cells of mechanical tissue of the stem. (The 
rigidity of those tissues consisting mainly of living cells depends, of course, on the turgidity 
of the cells and not simply on the mechanical properties of the walls, but even in such 
tissues a cell wall is an essential requirement for the attainment of the turgid condition.) On 
the other hand, in aquatic plants, whether they are lower plants or angiosperms, nutrients 
may be absorbed from the surrounding water directly into the shoot, so that they mav be 
free-floating, and the mechanical tissues are usually less well developed than in land plants. 

A mini her of different types of meristem may be recognized in the plant body. The axial 
organs, the stems and roots, have apical imristems, i.e. growth in length is restricted to the 
tip regions and the new tissue is added to the plant body on the proximal side, so that the 
pattern of growth may be described as acc ret ionary. The apical meristems of the stem and 
root usually remain permanently embryonic and capable of growth over long periods— 
for hundreds of years in some trees. Consequently we may describe these as indeterminate 
meristeim. 

On the other hand, other parts of the plant, particularly the leaves, flowers and fruits, 
show rather different patterns of growth and they are embryonic for only a limited period 
before the whole organ attains maturity. 'Thus, the growing regions of such organs arc 
sometimes referred to as determinate meristems. In such organs the pattern of growth 
resembles that of animals in that, firstly, there is an embryonic phase of limited duration 
and secondly, in such organs growth is more generalized than in stems and roots. 

The presence of indeterminate meristems, together with the capacity for forming 
branches, each with its apical meristem, gives the plant body a much less precise and definite 
form than is the case lor the animal body. Indeed, the general form of the plant body re¬ 
sembles a colony of eoelenterates, such as corals, rather than that of an individual higher 
animal. On the other hand, the organs showing determinate growth, such as leaves and 
flowers, generally show much more precise morphology and may have fairly precise 
numbers of parts, such as petals. 

In addition ro classifying meristems as indeterminate and determinate we may classify 
them in various other ways. For example, we may distinguish the apical meristems of stems 
and roots, from the lateral meristems, comprising the cambium and phellogcn (cork cam¬ 
bium). In some plants there are intercalary meristems, inserted between regions of differen¬ 
tiated tissues. One of the best known examples of this type of meristem is seen in grasses, 
where the internodes and leaf sheaths continue growth in the basal region, after the upper 
parts have become differentiated. The structure of some of these meristems will be described 
in more detail in Chapter 2. 
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The growth of a multicellular plant involves both increase in cell number, by cell divi¬ 
sion, and increase in cell size. These two aspects of'growth have no sharp spatial boundaries; 
however, in the apical regions of shoots and roots cell division occurs most intensively to¬ 
wards the extreme tip of both organs, whereas the region ot most rapid increase in cell size 
is in a zone a few millimetres back from the tip (Fig. 1.1). In organs of determinate growth, 
such as leaves and fruits, these two aspects of growth tend to be separated in time, so that 
there is an early phase in which cell division is predominant, followed later by a phase when 
cell division ceases and there is active increase in cell size. The greater part of this increase in 
size is due to vacuolation, i.e. by water uptake, and ns a result the cytoplasm may come to be 
limited to a thin boundary layer against the cell wall. 

In the tip regions of roots and shoots in which cell division predominates, the cells are 
relatively small, and have prominent, spherical nuclei lying towards the centre of the 
cytoplasm, which is non-vacuolated and tends to be densely staining; the cell walls are 
thin. The details of the process of mitosis by which the nucleus divides need not be described 
here. As a result of division, each of the two daughter cells is only halt the size of the parent 
cell. These cells then proceed to enlarge, but such cell growth involves the synthesis of 
cytoplasm and cell wall material and not vacuolation. 

Since the number of cells in the zone of cell division tends to remain fairly constant (at 
least over limited periods), it is clear that not all the daughter cells formed in this zone retain 
the capacity for unlimited further division. The situation is perhaps best illustrated by refer¬ 
ence to plants which grow by a single apical cell, such as certain algae and the bryophytes 
and some ptcridophytes where it can clearly be seen that division of the apical cell results in 
one cell on the outside which becomes the new apical cell, and a second daughter cell, on 
the proximal side, which gives rise to the differentiated tissue of the tliallus or shoot. This 
latter daughter cell usually undergoes several further divisions but ultimately the derivative 
cells lose their capacity for division. Thus, whereas the apical cell remains permanently 
meristcmatic, the derivative cells are capable of only a limited number of further divisions. 
The situation must be analogous in the more complex apices of gymnosperms and angio- 
spcrriis, where there is normally a number of initial cells, i.e. cells which remain meri¬ 
stcmatic and undergo repeated division, but it is more difficult to recognize which of the 
daughter cells is destined to remain meristcmatic and which will give rise to mature tissue. 
The problem of why cells in the initial zone remain permanently embryonic or meristem- 
atic, whereas the derivative cells on the proximal side are capable of only a limited number 
of further divisions is an intriguing one, hut it remains unsolved at the present time. 

At a certain distance from the apex, in both shoots and roots, the process of vacuolation 
commences and, as a result ofthis process, the root cells of Allium may increase in length 
from 17 /am to 30 /am and in volume by 30-fold. In other tissues the cells may increase up 
to 150-foltUn total volume during vacuolation. It appears that this great uptake of water 
during cell extension is essentially governed by osmosis, and if we apply the usual concept 
relating to water uptake by cells, then, in general, the ability of the cell to take up water is 
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Pic. 1.1. Simplified Ji.igr.iin ot the growing zone of a root, m longitudinal section.The number 
ot cells in a living root is normally much greater than is shown in this diagram. (Reprinted from 
l\ M. Ray, the Urin y Plntt, Holt. Rinehart c\ Winston, New York and London, l%33 
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given by its water potential (ij$) which is equal to the osmotic potential (tt) of the vacuolar 
solution plus the wall or turgor pressure (p). That is, j/j — p .. n. Now clearly water 
uptake may involve changes in either the osmotic potential or in the wall pressure, or 
both. Studies on the changes m osmotic potential of the vacuolar solution during growth 
have yielded no evidence of a change in osmotic potential. Indeed, since the vacuolar sap 
becomes greatly diluted during growth, considerable amounts of additional osmotically 
active substances, such as sugars, salts, organic acids, etc., must pass into the vacuole during 
growth, in order simply to maintain the osmotic potential at a steady value. In some organs 
the osmotic potential of the vacuole may actually rise during this phase of growth. Thus, in 
the petioles of the water lily, Victoria rtjjw, which may increase in length from 9 cm to 
68 cm in 24 hours, the osmotic value may rise to less than half its original value during the 
extension phase. On the other hand, there is considerable evidence that in vacuolating cells 
the wall pressure is reduced by increased plasticity ot the cell wall at this time (p. 83). 
As a result of its increased plastic extensibility the wall undergoes irreversible elongation 
during vacuolation. 

Although the greater part ot the increase in cell volume during vacuolation is due to 
water uptake, the synthesis ot new cytoplasm and cell wall material proceeds actively dur¬ 
ing this period, so that the cell increases considerably in drv weight {Fig. 1.2). Thus, the 



Fig. 1.2. Changes in dry weight and protein content of cells at increasing distances from the 
apex of pea roots. (Adapted from 8. Brown and 1). Brnadbent,/. Exp. Hot. I, 249-63, 1950.) 
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processes of cell growth initiated before vacuolation commences are continued during this 
latter phase. Moreover, the zones of cell division and cell vacuolation are not sharply 
demarcated, and in both shoots and roots of many species cell division occurs in cells which 
have started to undergo considerable vacuolation (Fig. 1.3). Division may also occur in 
vacuolated cells in wound tissues. In root tips the separation of the zones of division and 
vacuolation are somewhat sharper and division in vacuolated cells is less frequent. 

Since growth involves various cudergonic, i.e. energy-requiring processes, including 
protein synthesis, it is not surprising to find that rapidly elongating tissues of the root have a 
high respiration rate, when compared with mature tissues on the basis of equal volumes of 
tissue, although when expressed per cell the respiration rate of mature cells may be greater 
than that of mcristcmatic cells, since the latter arc smaller and contain less cytoplasm. 
Moreover, growth requires aerobic conditions and an adequate supply of carbohydrate, 
both as an energy source and as structural material. 

The role of growth hormones in cell division and cell extension will be discussed later. 



Fig. 1.3. Cell division in vacuolated cells. A, mtcrpliasc; II, early prophasc; C, prophasc; 
D, inctaphasc; E, anaphase; F and G, telophases; H, two daughter cells at intcrphasc. (From 
E. W. Sinnott and R. Bloch, Amcr.J. Hot. 28 , 1941.) 


GROWTH OF CELL WALLS 

During cell extension the area of the cell wall may increase greatly and this fact poses a 
number of problems. It might be expected that as the wall is stretched by turgor pressure, it 
would decrease in thickness, but usually this does not occur. Hence, new material must be 
added to the wall during growth. There has long been a dispute as to whether the new 
material is added by “intussusception” throughout the thickness of the wall, or whether it 
is added to the interior surface, i.e. by “apposition”. The bulk of the evidence now supports 
the second view, at least for many types of cell, but the possibility that there is also some 
intussusception cannot be excluded. Before we can consider the problem of wad growth 
further, however, it is necessary to consider the structure of the wall. 
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Electron microscopic studies have shown that the main structural element of the wall in 
higher plants consists of a framework of cellulose micro fibrils (Fig. 1.4), which are somewhat 
flattened in cross-section, having a width of 10-30 nm,f a thickness of 5-10 mil and a 
length of at least 60 nm. The cellulose of the microfibrils is mainly present in a crystalline 
state, i.e. the molecules are regularly arranged in a lattice, while the remainder is semi- or 
,para-crystallinc. The microfibrils are embedded in a continuous matrix, consisting mainly 
of the so called “hemicelluloscs” (non-cellulosic polysaccharides, composed mainly of resi¬ 
dues of the pentoses, arabinose and xylose, and the hexoses, glucose, galactose and man¬ 
nose) and “pectins”, which contain a high proportion of galacturonic acid residues. The 
matrix also contains low amounts of proteins and lipids. (Further details of the composition 
of cell walls are given in Chapter 4, pp. 84-85.) 

Growth of the wall involves the yielding of the wall to the stress generated by turgor 
pressure. During the extension of the walls the microfibrils become reoriented. In a typical 
parenchymatous cell undergoing elongation, the microfibrils arc at first oriented in a 
transverse direction (i.e. at right angles to the long axis of the cell), but as the wall becomes 
stretched they may be arranged predominantly along the longitudinal axis. During growth, 
however, new transverse microfibrils arc added to the inside of the wall, so that in a cross- 
section of the wall we find a gradual transition from transversely to longitudinally oriented 
microfibrils, in passing from the inside to the outside (Fig. 1.5). 

The increased plasticity of the cell wall during vacuolation, referred to earlier, must 
indicate that the various types of chemical bond which link the different wall components 
must be broken during wall growth, possibly as the result of the activities of hydrolytic 
enzymes (p. 87). 

In many types of cells, growth occurs fairly uniformly over the whole wall, giving the 
so-called “multi-net" pattern of growth. In other cases, as in root hairs and pollen tubes, the 
cell may extend by “tip growth”; in such cases it is found that in the growing tip region of a 
cell the microfibrils arc oriented in a random fashion (Fig. 1.4), but during the process of 
wall stretching they become predominantly oriented in the direction of the cell axis. 
(Figure 1.4 relates to the primary wall of the alga, Valonia, but a similar structure is found in 
the tip region of cells which show tip growth.) 

It is not known what determines the initial transverse arrangement of the microfibrils, 
but it is found that they usually lie parallel to certain microtubules which, as the name sug¬ 
gests, arc elongated cylindrical structures of diameter 23-27 nm, found in the boundary 
layers of the cytoplasm (Fig. 1.6). Moreover, treatment with colchicine, which disrupts the 
microtubules, also disorganizes the arrangement of the microfibrils, but does not prevent 
their deposition. Thus, the orientation of the microtubules may, in some way not yet 
understood, determine that of the microfibrils of the wall. 

The Golgi bodies also appear to play a role in cell wall synthesis, since they are conspicu¬ 
ous in regions of active wall synthesis, especially during the development of the cell plate 
following division (see below). Moreover, vesicles formed by the Golgi bodies have been 


f Nanometers = 1 m x 10' 9 . 



Fig. 1.4. (a) Electron micrograph showing structure of die primary wall of I 'afonia x 8000. 
(b) As above, but of the secondary wall x700Q. ^From F. C. Steward and K. Miihlethaler, 
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Fig. t.5. The multinec concept of cell wall growth showing (kit to right) re-orientation ol 
inicrofibrils as successive stages ot wall extension. (From P. A. RoeJetsen, Adr. Bot. Res. 2, 
(.9-150.) 



Fig. 1.0. Diagram of changes in microtubules at cell division. (Prints supplied by l)r. Myron 
Ledbetter, reproduced from Symposium hit. Soc. Cell. Biol. 6, 1%7.) 

shown to contain polysaccharide material. It is possible that the Golgi bodies arc responsible 
for the deposition of the hcinicelluloses and pectins of the matrix of the cell wall. 


THE FORMATION OF NEW CELL WALLS 


Cell division involves the formation of a new cell wall between the two daughter cells. 
The process commences with the appearance of large numbers of vesicles in the plane of the 
equator of the spindle. These vesicles arc apparently formed by Golgi bodies, and may con¬ 
tain polysaccharides from which the first stage of the new wall, known as cell plate, is 
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formed by coalescence of the vesicles. The cell plate forms first in the centre of the cell and 
its edge extends outwards, apparently by the addition of vesicles from Golgi bodies which 
lie on the periphery of the plate, until it joins up with the lateral walls (Fig. 1.3.) 

Since the new wall is formed at the equator of the spindle, the plane of the wall is deter¬ 
mined by the orientation of the spindle. Recent electron microscopic studies on dividing 
cells in the roots and coleoptiles of wheat suggest that the orientation of the future spindle is 
determined by certain changes occurring in the cytoplasm before the nuclei enter prophasc. 
In resting cells the microtubules lie in the outer cytoplasm, just inside the plasinalemma. In 
cells which are about to undergo division, but in which the nucleus has not yet entered 
prophase, the “wall microtubules” just described disappear and a band consisting of a 
large number of microtubules appears in the outer cytoplasm near the longitudinal walls, 
and at right angles to the axis of the cell. The band appears to run right round the wall sur¬ 
face, in the mid-region of the cell (Fig. 1.6). 

In cells which divide equally, the plane and position of the preprophase band of micro¬ 
tubules coincide with those of the future new wall, but certain of the epidermal cells of the 
roots of Phleutn pratense divide unequally by the asymmetric positioning of the new cross 
wall (p. 317), and in such cells the band of microtubules still appears in the mid-region of the 
cell. It would appear, therefore, that the band is not primarily concerned with the location 
of the cell plate, but with the orientation of the spindle, though how this is achieved is not 
known. 


MEASUREMENT OF GROWTH 

So far we have been concerned largely with qualitative and descriptive aspects of plant 
growth. It is also important to study growth quantitatively, however, and for this purpose 
we need methods for measuring growth. 

As we have already seen, in the final analysis, we might say that growth involves an 
increase in the amount ofliving material. However, it is not always easy to measure this 
increase in living material without destroying the organism in the process. Moreover, if we 
simply include the protoplast material (cytoplasm and nucleus), we shall leave out increase 
in such materials as cell walls which form an integral part of the plant body. 

It is possible to adopt a different approach to the problem. Since growth essentially 
involves increase in cell number, we may use this criterion as a measure of growth. Thus, 
we can measure the growth of a colony of unicellular organisms by counting the increase in 
the number of individual cells. 

In multicellular organisms, such as higher plants, growth still involves large increases in 
cell number, but it clearly is inconvenient, if not impossible, to measure such increases. 
However, this increase in cell number, which is accompanied by cell growth, leads to an 
increase in size and in the case of a root or an unbranched shoot it may be convenient to 
measure simply the increase in length or height over a given interval of time. This method 
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is not usually appropriate for a complex root or shoot system, however. Since, if we are 
studying the growth of a whole plant, we are concerned with the increase in total new 
tissue formed, it is frequently most appropriate to study changes in the dry weight of the 
plant, which will reflect the actual amount of new organic material synthesized by the plant. 
However, even a change in dry weight is not always a satisfactory measure of growth, since 
plant tissues may increase in dry weight due to the accumulation of reserve materials, such 
as starch and fat, although they may not be growing. Conversely, a germinating seed may 
show an overall loss in dry weight, due to the utilization of reserves in respiration, although 
there is no doubt that it is growing. 


COLONY GROWTH IN MICRO-ORGANISMS 

Before considering the growth curves ot higher plants, it is useful to study the growth of 
a colony of unicellular organisms, such as bacteria or yeast, which multiply by division or 
“budding”, or of a multicellular organism, such as duckweed (Lenina), which similarly 
multiplies by a form of budding. 

Consider the growth of a colony of bacteria maintained under constant nutritional and 
environmental conditions, so that there is a constant rate of cell division. Assume also that 
the cells divide synchronously, i.c. all cells in the colony divide simultaneously. (Synchro¬ 
nous division can be achieved with cultures of certain organisms.) If the initial number of 
cells in the colony is n 0 , and n the number of cells after a given number of divisions, then, 

at the end of the 1 st generation n --- /i 0 y 2, 

at the end of the 2nd generation n = n 0 ' 2 / 2, 

at the end of the .vth generation n — n 0 • 2 r . 

This latter relation indicates that the number of cells in the colony is increasing by geometric 
progression or “exponentially”, i.e. at an ever-increasing rate, and if we plot n against the 
number of generations, wc obtain a curve of the form seen in Fig. 1.7A. 

We can rewrite the equation »i — n Q >: 2 r as: 

log n -= log « 0 j- x log 2. (i) 

It will be seen that we have an equation expressing the relation between the number of 
cells in the colony n, and x, the number of generations which have occurred, but normally 
wc require the relation between n and t , the time. Now, if / is the time taken for x genera¬ 
tions, and the time of one generation (i.c. time between two successive divisions) is g, 
then x — tjg. 

Substituting in equation (1), wc get 

log n = log n 0 -f tjg log 2. 
log 2jg is a constant (k). 


Now, 



Number of fronds present ,n the colony. 


14 The Control of Growth and Differentiation in Plants 




lit;. 1.7. A. Growth curve for a colony of duckweed (/awmi) budding synchronously at a 
constant ptc. The initial number of fronds is assumed to be 10.13. Growth of a colony of Lem. tux 
in culture, linear relationship between logarithm of frond number (log »i) and titnc.dTua from 
!:, Ashby and T. A. Oxley, Ann. Hot. 49 , 3U9, 1935.) 


Therefore, log n log h () i ht. (2) 

Now equation (2) is .1 linear equation of the form y — a ■ bx, where log h 0 corresponds 
to it, and k corresponds to />. I lence if we plot the log of the number of cells present in the 
colony after different limes, against /, we should obtain a straight line. This relation is, in 
fact, found to hold in practice for various organisms growing under constant conditions, 
whether they multiply by fission, as in bacteria, or by budding, as in yeast and duckweed 
(Tctwju) (Tig. 1.713). A colony growing in this manner is said to be increasing “logarith¬ 
mically 1 ’ or "exponentially”. 

If we consider the type of curve shown in Fig. 1.7 A, giving the increase in the number of 
Lenina “fronds” in the colony, then the growth rote of the colony at any time is given by the 
increase (dn) in the number of cells over a short interval of time, dt, or we can say, growth 
rate - Jnjdt. 

The value dujdi represents the slope of the curve at any given time, t, and it will be seen 
from the graph that the value of the slope increases progressively with time. If all cells are 
dividing at the same rate, r, clearly at any time, t, the rate of growth of the colony is pro¬ 
portional to the number of cells present, i.e. dujdi oc ». Thus, although the rate of cell 
division (r) remains constant, the absolute growth-rate of the colony as a whole does not, 
since as time goes on the number of cells present ill the colony increases. The value of r is 
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clearly given by dnjdt (the increase in cell number over a given short interval of time), 
divided by the number of cells so dividing, i.e. 

dn 1 
dt n 

and this value is known as the relative growth rate of the colony. Thus, for a colony showing 
this type of growth, the absolute growth rate increases with time, but the relative growth 
rate remains constant. 

It has been shown above (equation (2)) that 

log >i •= log : lit. 

This equation can also be written in the lorm 

" »</' (3) 

where e ■ ■ the base ot natural logarithms (2-71S2). 

In practice, unrestricted growth ot a colony can never proceed indefinitely and some 
limiting factor, such as deficiency ot nutrients, must always lead to a decline in growth rate 
sooner or later. Under cultural conditions in a flask or tube, tor example, the food supply 
will ultimately be exhausted and growth will finally cease. Instead ot the typical “expo¬ 
nential” growth curve for cell number, we obtain a “sigmoid” type of curve (big. 1 .8 left), 
in which the growth rate increases up to the point of inflection and then declines gradually 
to zero. When log n is plotted against time, growth follows a straight line initially, but later 
declines (Fig. 1.8 right). In addition to the exhaustion of some food factor, growth in colo¬ 
nies may also be limited by some toxic substance which is formed during growth. The 
production of such “staling factors” often occurs in cultures of bacteria, fungi, Chlorella, etc. 
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Fig. 1.8. Growth of a colony of yeast growing in a constant volume of culture solution. Left: 
Sigmoid growth curve obtained when number of cells (it) is plotted against time. Right: Plot of 
logarithm of cells (log «) against time. (Data from O. W. Richards, >4nn. Hot. 4 2 , 271, 1928.) 
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GROWTH OF MULTICELLULAR ORGANISMS 

1. The Exponential Phase 

l he sigmoid type of growth curve observed for colonics of unicellular organisms is 
characteristic also of the growth of individual multicellular plants. This is true not only for 
the whole plant (Fig. 1.10), but also for individual organs, such as leaves (Fig. 1.9) or 
internodes. Initially the organism is increasing in size (or weight) by geometrical progres¬ 
sion or exponentially. V. H. Blackman (1919) showed that during this initial phase the 
growth of seedlings follows a “Compound Interest Law” fairly closely and is given by the 
equation 

W - W Q e rt (4) 

where W weight of plant after time 
W 0 - initial weight of plant, 
r percentage (or proportional) rate of increase,| 
c exponential coefficient (—2*7182). 

'1'his equation is clearly exactly comparable with equation (3) above for colony growth and 
may be derived in a precisely similar manner. From equation (4) we may write 

log W - log W 0 \ rt log e. 



Fig. 1.9. Sigmoid growth curve of leaf of cucumber (Curiums saliva). (From F. G. Gregory, 
Ann. Bet. 35 ,93,1921.) 

fThe same symbol, r, has been used here as for the rate of cell division in a colony of bacteria, 
described above, since in both cases r represents the relative growth rate, whether measured by rate 
of cell division or increase in dry weight. 
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Percentage of total growth period 

Fig. 1.10. Increase in dry weight of barley plants during growing season. The points on the 
curves were derived from smoothed curves drawn trom the transformed original data. (From 
F. G. Gregory, Ann. Bat. 40 , 1,1926.) 


This equation is again of the form y = a 4* hx. This means that we should obtain a straight 
line when we plot log weight against t (at least for the initial phase of growth, which we are 
now considering) and this has, in fact, been demonstrated in a number of cases. 

From equation (4), it is clear that the final weight attained will depend upon (l) the 
initial weight, (2) the rate of “interest” (r), (3) the time. The rate of “interest” represents the 
efficiency of the plant as a producer of new material and was called by Blackman the 
efficiency index of dry weight production. A small difference in the efficiency index between 
two plants will soon make a marked difference in the total yield, and the difference will 
increase with the lengthening of the period of growth. 

It should be noted that the efficiency index is merely a different method of expressing 
the relative growth rate [dWfW-dt) as described for colony growth. Whereas the efficiency 
index (or relative-growth rate) remains constant through the exponential growth phase, 
the absolute increments per unit time increase progressively. The absolute growth incre¬ 
ment over a time interval dt is clearly 



Thus, the absolute growth rate at any given time is proportional to the size of the plant at 
that time. 

The physiological basis of this latter conclusion is easily understood, for when photo¬ 
synthesis has become active in a young seedling, the power of the plant to synthesize new 
material (and hence increase in dry weight) is clearly dependent upon its leaf area. There¬ 
fore, as the plant grows and increases its leaf-area, the rate at which new material is assimi¬ 
lated will increase proportionately, 
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2. Later Phases oj Growth 


Just as the growth rate ( dnjdt ) of a bacterial colony ultimately falls off with time due to 
the exhaustion of nutrients or the accumulation of toxic products, so the growth rate of a 
multicellular organism decreases gradually, resulting in a sigmoid growth curve. The 
absolute growth rate (dIVjdt) is clearly given by the slope of the growth curve at any time 
t and if we plot the changes in this growth rate with time we get a curve of the type shown 
in fig. 1.11 A. We see that the growth rate attains a maximum (corresponding to the point 
of inflection of the S-shaped growth curve) and then falls away to zero. If, on the other 
hand, we plot the relative growth rat c(dWflV-dt) against time, we frequently get a curve 
of the type in fig. 1.11 If It is seen that the relative growth rate (RGR) remains nearly 
constant at first but later begins to decline. The changes in RGR with time vary a great 
deal from one species to another and with the conditions under which the plants are grow¬ 
ing. Sometimes it is found that the RGR declines steadily from the commencement of 
growth, so that a true exponential phase does not occur. 

I he reason for the fall in the RGR is not fully understood and various hypotheses have 
been suggested. The deficiency of some nutritive factor is clearly not the cause, as it is in 
colonies of unicellular organisms under artificial conditions. It has been suggested, how¬ 
ever, that the reason for the departure from “exponential” growth in a normal plant is that 
part of the plant material formed during growth gives rise to mechanical, vascular and 
other tissues which do not directly contribute to further synthesis of new material. The 
leaves which arc the organs most directly concerned in the synthesis of new material thus 
constitute a diminishing fraction of the total plant weight, i.e. the ratio 


Total leaf dry weight {£) 
Total plant dry weight (IT) ’ 
known as the leaf-weight ratio , gradually falls. 

Now, the relative growth rate 



1 

W' 


Multiplying numerator and denominator by L wc get 

dw L 1 

~T Tv Tt' 

Now i hejl/dt is the rate of increase in dry weight per unit dry weight of leaf, known as 
the net ii.wimi/iiriiw rate (£ u .) and is a measure of the photosynthetic activity, minus losses 
due to respiration; that is, E K is a measure of the net efficiency of the plant in the produc¬ 
tion of dry matter. 

It will be seen that we have the following simple relationship between the three para¬ 
meters : 


L 
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Fiu. 1.11. Changes in (A) absolute growth rate */ H ,)t and (11) relative growth rate(dlF'/ \V Jl), 
where the dry weight changes tollow the type ot curve shown in Fig. 1.10. 


If we assume that E u . docs not change appreciably with the age of the plant, then the fall in 
.R with age must primarily be due to the fall in Lj It 7 , for the reasons already indicated. 
However, both E u . and L/H’are frequently found to decline during the growth period and 
thus to contribute to the decline in R. 

In the above discussion, wc expressed the net assimilation rate{£ u .) in terms of the rate of 
increase in total plant dry weight per unit leaf dry weight, but it is more usual to express 
photosynthetic efficiency as the rate per unit area of leaf. I However, the net assimilation rate 
can easily be expressed on a leaf area basis, by making use of the following relationship: 


E u , 



where E A is the rale ot increase in dry weight per unit leaf area and L A jL w is the ratio of leaf 
area to dry weight, known as die specific leaf area. 

Thus, equation (5) above can be rewritten as 



x 


L w 

Tv 


The foregoing simple mathematical relationships have been used to analyse the growth 
of crops. Thus, the determination of relative growth rates for different crop plants gives us a 
useful basis for comparing their growth rates. Similarly by determining net assimilation 
rates and leaf-weight ratios we can obtain some indication of how differences in R arise. 
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CHAPTER 2 


Patterns of Growth and Differentiation 


LEVELS OF DIFFERENTIATION 

So far, we have been concerned primarily with growth, rather than differentiation. In 
the present chapter we shall describe the development of the main organs of the plant and 
the way in which differentiation arises within the plant. 

Now, when we consider the manifold forms of differentiation in the plant it is evident 
that it occurs at various levels. At the highest level, there is differentiation in the plant body 
as a whole, as seen in the division into root and shoot. Within the shoot we can observe the 
differentiation into various organs, such as stems, leaves, buds and flowers, and within 
each of these organs there is differentiation at the cellular and tissue level. These three levels 
of differentiation also constitute a series of successive stages in time —there is first differentia¬ 
tion into root and shoot in the embryo, and this is followed by the formation of organ 
pritnordia, as a result of the activities of the apical meristems. These organ prirnordia do 
not at first show differentiation at the cell and tissue level, which occurs during the later 
stages of their development. We may illustrate the progressive steps of differentiation of 
the plant body in a diagram (Fig. 2.1), in which it is seen that at various stages there arc 
divergent alternative pathways, leading to successively more specific pathways of differen¬ 
tiation. 

The chain of developmental events usually takes place in a very orderly manner, one 
stage following another in a proper sequence. This orderly sequence of changes suggests 
that the successive steps are not controlled independently, but that the attainment of one 
stage exercises some control over the alternative pathways which will be entered at the 
next step. This idea is far from new, since it was clearly enunciated by Pfeffcr in 1903. 

Once a particular pathway of development has been entered, the process is usually irre¬ 
versible ; for example, once a flower primnrdium has been formed, it is not easily converted 
back to a leafy shoot. Similarly, cortical cells do not normally change directly into vascular 
elements nor vice versa. Thus, at certain stages organs and tissues become determined in their 
pattern of development. Nevertheless, some tissues do retain the capacity for “de-differen¬ 
tiation”, so that roots may be initiated in stem tissue, and so on. The successive entry into 
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Zygote 



Shoot Root 



specific developmental pathways which, once entered, cannot easily be departed from, has 
been referred to by Waddington as the “canalization of development”. 

In addition to the first major step in differentiation (viz. the formation of root and shoot), 
certain other changes occur during the life cycle of seed plants, which must he regarded as 
aspects ot differentiation, of which the most important is the transition to the reproductive 
phase, which involves a profound change in the structure of the shoot apex (p, 44). We 
shall see later that in many species the onset of flowering is controlled by environmental 
factors, but in many other species it appears to be determined more by progressive changes 
occurring during the development of the plant itself than by environmental factors. Often 
these progressive physiological changes are reflected in morphological characters, such as 
leaf shape, in which a gradient up the stem may frequently be seen. These aspects of develop¬ 
ment will be dealt with later, but it is important to recognize that they represent an aspect 
of differentiation within the shoot as a whole. 


TISSUE AND CELL DIFFERENTIATION 

When the development of the main organs lias been initiated, with the determination of 
stem, leaf, root and flower, each of these organs follows a largely independent course of 
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further development, as shown by the fact that a leaf pnniordium will undergo full 
differentiation if isolated and maintained in a septic culture (p. 36), However, in the intact 
plant development is a continuous process and it is somewhat artificial to draw too sharp a 
distinction between organ and tissue differentiation. In particular, the differentiation of 
vascular tissue is continuous throughout the plant and this continuity is no doubt an impor¬ 
tant factor in achieving co-ordination of development and function in the plant as an 
integrated whole. 

At the cellular level, the term differentiation is sometimes used in two different senses: 
viz. (1) it may be applied to the development of different specialized types of mature cell 
within an organ or tissue; or (2) it may be used to refer to the changes which occur during 
the development of a mcristematic cell into a mature cell, usually involving vacuolation 
and enlargment. In this book we shall use the term in the first sense and we shall use the 
term maturation for the processes which lead to the formation of a mature cell from a meri- 
stematic one. 

Usually maturation involves cell vacuolation and enlargement, and some aspects of this 
process have already been described (p. 7). Cells undergoing maturation may show rela¬ 
tively little other change in structure, as in the formation of parenchymatous tissue, or 
there may be great changes, as in the formation of xylem and phloem tissue. It is the diverg¬ 
ing pathways followed by different cells during maturation which result in differentiation. 

In addition to the visible changes involved in differentiation, there are also biochemical 
differences, some of which will be described later (p. 312). 

Between the biochemical differences occurring at the molecular level and the structural 
changes observable with the optical microscope, one might expect to find changes at the 
ultrastructural level, to he seen under the electron microscope. Studies on various types of 
tissue have shown that, in general, living differentiated higher plant cells have the normal 
cell organelles, including mitochondria, Golgi bodies (dictyosomes), plastids and endo¬ 
plasmic reticulum, but there are certain exceptions, e.g. sieve tubes, in which most of the 
organelles disintegrate during differentiation. The organelle which shows the most marked 
differences in various types of tissue is the plastid, the structure of which varies enormously 
according to whether it occurs in leaf tissue, storage tissue, fruits (as in tomato), or flower 
parts, such as petals. Mitochondria also vary quite markedly in number and structure in 
different types of cell and the Golgi bodies show active and quiescent states related to the 
state of wall growth, secretion and so on. The endoplasmic reticulum vanes in abundance 
and localization in several types of specialized cell, particularly those concerned with 
secretion. 

On tlie other hand, many of the differences to be observed between various types of 
tissue relate to the cell wall. Not only do we find very characteristic differentiation of the 
cell wall in, for example, the various types of xylem cell, but also in living differentiated 
cells, such as collcnchyma, endodermis and stomatal guard cells. These readily observable 
differences reflect differences detectable at the ultrastructural level. However, an account 
of the ultrastructural changes in the plastids and cell wall occurring during differentiation 
is beyond the scope of this book. 
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Most cells which have attained the mature condition do not normally undergo subse¬ 
quent cell division. I fowever, some types of mature cell still retain the capacity to divide, as 
seen in the origin of vascular cambium, cork cambium and adventitious root initials in 
various types of parenchymatous tissue. Moreover, many types of cell are able to resume 
cell division in response to wounding (p. 158). 


DIFFERENTIATION INTO HOOT AND SHOOT—EM 13HYO 
DEVELOPMENT 

The first major step in differentiation occurs at a very early stage in the development of 
the embryo, with the establishment of a shoot end and a root end. 

As ail example of embryo development in angiospenns we may consider that of Capseda 
bitrsa-pasloris (Fig. 2.2). The fertilized zygote is a somewhat elongated cell, which divides 
transversely to give a smaller terminal cell, and a larger basal cell. The terminal cell gives 
rise to most of the future embryo, whereas the basal cell gives rise mainly to the suspensor, 
I'he terminal cell divides by two successive longitudinal divisions, with the plane of the 



Fig. 2.2. Early stages in the development of the embryo of Capu'lla bursa-pasloris. Note the 
initial unequal division into a larger basal cell (cb) and smaller terminal cell (ca). The basal cell 
gives rise to the suspensor. (From A. Fahn, Plant .-biii/orri)', Pergatnon Press, Oxford, 19G7, 
adapted from Sou^ges, 1914.) 
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second division at right angles to that of the first, to give four cells: these cells then each 
divide transversely to term eight cells, which constitute the octant. Each octant cell divides 
to form an outer protodennal cell, which gives rise to the tuture epidermis, and an inner 
cell. The inner cells continue to divide to form the cotyledons and the hvpocotyl. 

By several successive transverse divisions the basal cell gives rise to a row of cells which 
forms the suspensor, the end cell of which enlarges and becomes sac-like. The suspensor 
cell nearest the embryo undergoes several divisions, to give a group ot cells, of which the 
outer ones form the future root cap and root epidermis, while the inner ones form the 
remainder of the radicle. The fully developed embryo is formed bv further repeated 
divisions of these various regions. 

There is considerable variation from the pattern of development described for Capsclla 
among the various groups of angiosperms, but the details do not concern us here. How¬ 
ever, whatever the variation in further development, the initial stages have certain features 
in common, namely that the first division of the zygote gives rise to two unequal cells, and 
of these, the basal cell is normally the one nearer the niicropyle of the ovule, and gives rise 
to the root end of the embryo, whereas the terminal cell gives rise to the shoot end. Thus, 
even the very young embryo shows polarity, in that it has a shoot end and a root end. 
Indeed, the egg itself shows differences in the density of cytoplasm between its two ends, 
suggesting that the first unequal division of the zygote is already predetermined by polar¬ 
ization in the unfertilized egg. We shall discuss the basis of this polarity in more detail later. 

After the embryo has become differentiated into root and shoot regions, apical mcri- 
stems are established and some organs become differentiated, often while the seed is still 
developing on the parent plant, so that not only cotyledons but also a rudimentary epicotyl 
and, in grasses, even several leaf primordia, may be present. 


SHOOT APICAL MER1 STEMS 

Although this book is primarily concerned with flowering plants, it is useful to consider, 
briefly, the patterns of growth in the lower plants. In simple filamentous algae, such as 
Spirogyra, every cell appears to be potentially capable of division and growth and is not 
localized to particular regions. However, in many algae there is marked localization of 
growth. Thus, the alga, Chare j, has a single prominent apical cell, which divides repeatedly, 
giving a larger outer (distal) cell, which continues to function as the apical cell, and a smaller 
proximal daughter cell, which proceeds to undergo further division, the resulting cells 
forming the mature tissue of the thallus. 

In the bryophytes and many pteridophytes, also, the shoot grows by a single well-marked 
apical cell, which normally has the form of an inverted tetrahedron, and it divides so that 
the three “inner” faces cut off daughter cells in succession, and these latter cells undergo 
further division to form the tissues of the shoot (p. 320). 

The early plant anatomists of the nineteenth century were so impressed with the essential 
unity of structure m vascular plants that they expected to find single apical cells also in 
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gymnospcrim and angiosperms and indeed described such cells. Later, however, it became 
apparent that there is no clearly recognizable single apical cell in the shoots of higher plants, 
but two zones may be distinguished in the shoot apical region of flowering plants: (1) the 
outer tunica or mantle, which surrounds and envelops, (2) the inner corpus (Fig. 2.3). These 
zones can be distinguished fairly sharply by the predominant planes of cell division. In the 
tunica the divisions are predominantly anticlinal, i.e. with the axis of the mitotic spindle 
parallel to the surface, so that the resulting cross-wall separating the two daughter cells is 
perpendicular to the surface. The corpus, on the other hand, is characterized by the fact that 
divisions occur in all planes, viz. both anticlinal and periclinal(i.c. the spindle is perpendicu¬ 
lar and the new wall parallel, to the surface). The thickness of the tunica is somewhat 
variable and it may consist of one, two or more layers of cells, according to the species. 
Moreover, even within a single species the number of tunica layers may vary according to 
the age of the plant, the nutrient status and various other conditions. 

It should be noted that the tunica-corpus theory is largely descriptive and simply based 
on what can be observed—it makes no predictions regarding the future destiny of the 
tunica and corpus cells. The epidermis does, of course, arise from the outer layer of the 
tunica, but there is considerable variation between different species in the extent to which 



Fie,. 2.3. Median section through the shoot apical mcristein of Alternatithera phihxeroidcs, 
showing the two-hycreil tunica overlying the central corpus. (From E. G. Cutter. Phytomorph. 
17 , 437, l%7.) 
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the two layers may contribute to the origin of leaves and buds (see [\ 29). I lowever, 
although we should not regard the tunica and corpus as rigidly and permanently demar¬ 
cated, it is possible to show that m some species the outer tunica layers remain remarkably 
distinct from the deeper tissue for long periods. One method by which this has been 
demonstrated is to induce polyploidy in the cells ot the shoot apices of Diifnru and ot maize 
by treatment with colchicine. The tetraploid cells so formed can be recognized bv their 
larger nuclei. If tetraploid cells are formed in the outer layer of the tunica, for example, all 
the resulting daughter cells will show large nuclei and it can be seen that such cells arc 
strictly limited to a single layer ot the tunica (Fig. 2.4), indicating that periclin.il divisions 
are very rare and that each layer ol the tunica retains its identity remarkably constantly. 
Each ol the layers ol the tunica arises from a set ot initial cells at the shoot apex, and the 
corpus apparently arises from its own set ot initials, although there is some difference ot 
interpretation on this point. 



Fit;. 2 4. Longitudinal sections of the shoot apex of Datura. A. Normal apex, with all cells di¬ 
ploid. 13. Apex after treatment with colchicine, showing polyploid nuclei in outer tunit a layer. 
C. After treatment with colchicine, with polyploid nuclei in inner tunica layer. (Adapted from 
S. Satina, A. F. Blakedcc and A. (j. Avery, Amer.J. /3of. 27* N95,1940.) 


The distinction between tunica and corpus is even less definite in gymnosperm shoot 
apices, and although the divisions in the outer layers of P/uu.v, for example, arc predomi¬ 
nantly anticlinal, there arc also quite frequent periclinal divisions as well. 

In addition to the tunica and corpus and their initials, it is possible to recognize a number 
ot other zones in the apices of some species. One simple form of zonation is shown in Figs. 
2.4 and 2.5. At the summit of the apical dome there is a group of initial cells which divide 
mainly antidinallv, and so give rise to the tunica, but the lower layers may also divide peri- 
clinally. Below these initial cells there is a group of larger cells, known as the central mother 
cells, which appear to have a low rate of division. Divisions at the boundary of the central 
mother zone give rise to (1) a zone of actively dividing cells which form the flanks of the 
apex and is sometimes called the flank or peripheral meristenr, and (2) a zone of cells which 
divide mainly along the shoot axis and give rise to the longitudinal rows of cells of the 
cortex and pith and hence is sometimes called the rib meristem. The distinction between these 
zones, which have been given various names by different workers, is somewhat arbitrary, 
since their boundaries arc ill defined and grade into each other. Moreover, there is con¬ 
siderable variation between species, both with respect to the general shape of the apical 
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Ceritfol mother cells 




Fig. 2.5. A. Generalized diagram to illustrate zonation in the shoot apical region of a flowering 
plant. B. Median section through the vegetative apex of Chrysanthemum morijotium, in which 
the various zones shown in A may be distinguished. (From K. A. Pop ham, Anter.J. Bot. 37 ,476, 

1950.) 

region and to the number of zones which can be recognized within it, and yet the apices of 
all these species produce similar end products, viz. stein, leaves and buds. It would seem, 
the ret ore, that not much morphogenetic significance can be attached to the various zones 
which can be recognized in the shoot apex. 


THE INITIATION OF LEAVES AND BUDS 


A leaf originates from the pcriclinal divisions of a group of cells on the flank of the apex 
(Fig. 2.10). As a result of these divisions in a localized area, a small protuberance {Figs. 2.9 
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and 2. tO) is formed and gives rise to the future leaf pnmordium. The number of layers 
involved in these initial divisions varies considerably in different species. In many grasses, 
the peridinal divisions commence in the outermost layer of the tunica, and in the layer 
below. In other monocotyledons and in dicotyledons, peridinal divisions do not take place 
in the outermost layer, but in the layers below n. Thus, the extent to which the tunica and 
corpus are involved in the initiation of the pnmordium varies greatly. In many species the 
initial divisions involve both the tunica and the corpus, while in others they may occur in 
only one or other of these layers. Variations may occur even within a single species. 

Lateral buds usually appear somewhat later than leaf primordia, in the sequence of 
developmental changes secu at the shoot apex. Buds arise in the outer layers of the stem 
tissues, as a result of cell divisions which may be predominantly anticlinal in the outer layers, 
or both anticlinal and perichnal in the deeper layers. As with leaves, there is considerable 
variation between species in the extent to which tunica and corpus are involved in these 
cell divisions giving rise to lateral buds. As a result of these ceil divisions the bud emerges 
as a protuberance and it soon develops an apical structure similar to that of the main shoot 
apex for that species. 


THE S1T1NU OF LEAF FUIMOKD1A 

The siting of leaf primordia at the shoot apex is a rather precisely regulated process, 
although there are considerable differences from one species to another in the pattern of 
arrangement of leaf primordia. In considering this problem it lias to be remembered that 
the apex is growing continuously and that as it does so the older leaf primordia are left 
behind on the flanks of the apex and they steadily increase in size as they do so (Fig.2.6). As 
the apex grows, new leaf primordia arc being continuously initiated above the existing ones 
The siting of leaf primordia at the apex determines the arrangement of leaves on the 
mature shoot, for which the term phyllotaxis is used. The most common type of leaf 



Fig. 2.6. Vegetative shoot apex of tAfit. (From A. Fahn, Plant Anatomy, Pcrgamon Press, Oxford, 

1967.) 
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arrangement is spiral phyllotaxis, in which it can be seen that a line drawn through succes¬ 
sively older leaf priniordia at the shoot apex forms a spiral, known as the generic or develop¬ 
mental spiral (Fig. 2.7). The mathematical treatment of spiral phyllotaxis has interested 
botanists for more than a century, but here wc shall consider the problem only so far as it 
relates to the siting of priniordia at the shoot apex. 

The fern apex provides very convenient material for studying phyllotaxis, since it is 
relatively Hat and the priniordia are well spaced out (Fig. 2.8). In considering this problem 
it is useful to use a system of nomenclature in which the youngest pninordium is called Pj 
and the successively older priniordia, P 2 , P ;j , etc. The next primordium to arise is referred 
to as h (i.e. Initial}) and the successively younger priniordia as l 2 ,I 3 . etc. If we draw radii 
from the centre of the apex to two successive leaf priniordia, it is found that the angle of 
divergence between the two lines varies from one species to another, but where there are 
numerous priniordia at the apex, it is found to approach a “limiting” value of 137-5°. It is 
also finind that in many species the radial distance of successive priniordia increases in 
geometric progression, indicating that there is a corresponding increase in the rate of ex¬ 
pansion of the apex with distance from the centre. Thus, we can reproduce the spiral 
phyllotaxis seen at a shoot apex by marking points consecutively around a centre at a 
constant divergence of 137*5 and radially at a distance from the centre which increases in 
geometric progression, [f we then join the successive points, we shall obtain a genetic spiral. 

What determines that the next primordium will he formed at a position which will cause 
an angular divergence from the preceding primordium of approximately 137*5 ? There 
has been a great deal of controversy on this question, but at present there arc two main 
theories to account tor the observed facts, which may be referred to as the “Repulsion 
Theory 1 * and the “Available Space Theory”, respectively. Both theories postulate that the 
positions in which the leaf priniordia arise arc determined by the positions of older pri¬ 
niordia. According to the Available Space Theory (first put forward by Hofmcister in 



Fig. 2.7. Diagram to illustrate spiral phyllotaxis as seen in cross-section through shoot apical 
region ofSavi/r^M (genetic spiral shown by broken line). (From F. Clowes, Apkal Mcristems, 
Blackwell Scientific Publications, Oxford, 1961.) 
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Fig. 2.8. The growth centre and field concept as it may apply to the apex of Dryopteris. The apex 
is seen from above, ac, apical cell; P 2 , P 3 , P 4 , etc., leaf primordia in order of increasing age; 
Ii, 1 2 , the next primordia(as yet invisible) to be formed in that order. The large double-dashed 
circular line indicates the approximate limit of the apical cone. The suhapical region lies outside 
the double-dashed circle. The hypothetical inhibitory-fields around the several growth centres 
are indicated by stippling. (Adapted from C W. Wardlaw, Oflii'lJi, 13 , Suppl. 93, 1949.) 


1865) a certain minimum space between existing primordia and the centre of the apex is 
necessary before a new primordium can arise. As the apex grows, the spaces between exist¬ 
ing primordia increase in size and it is postulated that the next primordium (lj) arises 
between P 2 and P 3 because this is the first area to reach the necessary minimum size. The 
next primordium after this (I 2 ) will arise between P 2 and P 4l and so on. 

The Repulsion Theory was put forward by Schoutc (1913) who postulated that the centre 
of a leaf primordium is determined first, and that a specific substance is produced which 
inhibits the formation of others in the immediate vicinity, so that new primordia again 
arise in the gaps between older ones, where they will presumably be outside the inhibitory 
fields of the neighbouring primordia (Fig. 2.8). inhibition of new centres by the main apex 
was also postulated, so that new primordia are prevented from forming within a minimum 
distance from the summit of the apex. As we shall see later (p. 335), there is, indeed, evidence 
for the existence of mutual inhibition between growth centres. 

These two hypotheses arc not necessarily exclusive, since the “available space” may not 
be determined simply by the superficial area between adjacent primordia, but by freedom 
from their inhibitory influence. Both theories postulate that phyllotaxis is determined 
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primarily by the geometry of the shoot apex. It can be shown, from purely geometrical 
considerations, that I L will arise at a divergence of 137-5° from P lt if it occurs at a point 
which divides the angle between P 2 An d Pg in the inverse ratio of their respective ages; that 
is, the new primordium will not be equidistant from the neighbouring primordia, but will 
be displaced towards the older (and larger) of these (Fig. 2.8). It is not clear what is the signi¬ 
ficance of this fact, but it is consistent with the hypothesis that the neighbouring primordia 
play an important part in determining the position of a new primordium. 

Attempts have been made to test the “availablespace” and “repulsion” theories by surgi¬ 
cal experiments on the shoot apex. For example, in experiments with Lupinus albus , R. and 
M. Snow m ade ratlin 1 cuts in the area at which \ 2 would be expected to arise, thereby reduc¬ 
ing the space available, and it was found that no primordium developed in this space, pre¬ 
sumably because it was reduced below the minimum area necessary for primordium 
development. On the other hand, Wardlaw isolated f of fern apices by two radial cuts 
and found that it then grew more rapidly than normally (Fig. 2.11B), suggesting that it had 
thereby been released from the inhibitory effects of neighbouring primordia. Although 
these and other surgical experiments have produced interesting results, they have not given 
decisive evidence in favour of either of the two theories. 


DEVELOPMENT OF THE LEAF 

The overall development of the leaf may be divided into the following steps: (L) forma¬ 
tion of the foliar buttress, (2) formation of the leaf axis, and (3) formation of the lamina. 
The following account is based upon the development of the tobacco leaf. 

As we have seen (p. 29), a small protuberance arises on the surface of the flanks of the 
meristem (Fig. 2.10) by peridinal divisions in the surface layers. Certain cells towards the 
centre of this foliar buttress now begin to divide actively and a small fingcr-likc protuber¬ 
ance emerges from the buttress (Fig. 2.9). This protuberance proceeds to grow in size by 
the activities of apical cells until it is about 1 mm long. At this stage the leaf primordium 
consists of little more than the future axis (midrib and petiole) of the leaf. Soon, however, 
certain cells on its flanks begin to grow, so that it now acquires a more flattened appearance 
in cross-section. These dividing cells on the flanks of the mid-rib constitute the marginal 
meristems and they give rise to the future lamina of the leaf. The tip growth of the mid-rib 
ceases fairly early, when the total leaf length is 2-3 mm and further growth is more generally 
dispersed. 

The marginal meristems consist of superficial marginal initial cells, together with the 
underlying submarginal initials (Figs. 2.9,2.10). In dicotyledons, the marginal initials norm¬ 
ally divide only antidinally, to give rise to the surface layers of the leaf, whereas the sub- 
marginal initials form the inner tissues of the future leaf As a result of these activities of the 
marginal and submarginal initials a definite number of layers is established in the young 
lamina and under any given set of environmental conditions this number remains rather 
constant over most of the leaf throughout its future development. The relative constancy 
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Fig. 2.9. Diagrams of longitudinal and cross-scctions of leaf primordia ol Suotiana titluuum at 
different ontogenetic stages. 1. A young, more or less cone-shaped primordium. 2. Primordium 
in which the narrow- margins, from which the lamina will develop, can be seen. 3. Primordium 
in which the beginning of development of the main lateral veins can be seen. 4. Primordium 
5 mm long in which the early development of the provascular system can be seen. 5. Cross- 
section of the marginal region of tobacco leaf showing submarginal initial and the origin of the 
mcsophyll and a vascular strand. A, D, submarginal initials.(From G. S. Avery, Amtr.J. Bot. 20, 
565,1933.) 


in the number of layers arises from the fact that the cells continue to divide mainly anti- 
clinally, l.c. at right angles to the surface of the leaf, so that there is a steady increase in area 
but not in thickness. 

The different layers of the leaf are found to cease cell division at different stages.The cells 
of the upper epidermis usually cease dividing first, when the tobacco leaf is only 6-7 cm 
long, i.e. when it is only one-fifth to one-sixth of its final size. However, these epidermal 
cells continue to increase in size until the whole leaf ceases to enlarge. On the other hand, the 
palisade cells continue to divide and so give rise to a closely packed layer of cells which 
keeps pace in its growth with the upper epidermal cells. They cease dividing and enlarging 
shortly before the epidermal cells do so, so that to keep pace with the latter they arc pulled 
apart slightly in the fmal stages, thus giving rise to the intercellular spaces between the 
mature palisade cells. The cells of the future spongy mcsophyll cease dividing and enlarging 











34 


The Control of Growth and Differentiation in Wants 



Pic;. 2.10. Parly stages in development of leaf priinordium in fiax(Liiuim), showing develop¬ 
ment of procambi.il strand (cells with nuclei indicated). S.l . submarginal initial cell. (From 
(». Girolaini, Amer.J. Hot. 41 , 264, 1954.) 


earlier than the cells of the palisade, so that the cells become pulled apart more in the final 
stages, giving rise to larger intercellular spaces than in the palisade layers and to a more 
irregular arrangement of the cells. This study of the origin of the different layers of the 
mesophyll of the leaf provides a good example of how a study of the morphology of devel¬ 
opment can give a better understanding of the way in which the mature structure of an 
organ arises. 

The first proeambium is formed towards the base of the developing leal priinordium at a 
very early stage (Pig. 2.10). This first proeambium forms the future mid-vein and it 
develops both outwards towards the tip(acropetallv) and downward (basipetally) to link up 
with the proeambium of the stem (Fig. 2.14). The first vascular elements to appear are those 
of the protophloem, followed later by the protoxylem. Shortly after, the lateral meristems 
start to form the lamina, and the first signs of the lateral veins appear when the primordium 
is about 1-55 mm long. The connecting veins soon appear, towards the tip (Fig. 2.9). 

Complete normal leaf development depends upon exposure to light and is one of the 
important aspects of “photomorphogenesis” (p. 188). Hormones, especially auxin and 
cytokinin, also appear to play an important part in leaf growth (p. 116). 
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The differentiation of the shoot into leaves, buds and steins commences, as we have seen, 
with the formation of leaf and bud primordia at the shoot apex. 

The early stages of development are very similar in both leaves and buds, but whereas 
the leaf primordium very early assumes a dorsivenrrality (i.e. it becomes flattened, with 
upper and lower surfaces), the bud remains radially symmetrical. Moreover, whereas the 
apical mcnstematic cells of the leaf primordiuin cease to be active at an earlv stage and the 
development of the leaf is determinate, the bud primordium develops a typical shoot apical 
mcristeni which shows indeterminate growth. 

Although we know from its position and sequence that a given primordium is normally 
destined to become a bud or a leaf, a very young primordium is not yet irreversibly deter¬ 
mined to become one or the other. Indeed, in the early stages of their development, the 
primordia which, by their position, would normally give rise to leaves, may be converted 
into buds by certain surgical treatments. These techniques were first developed by R. and 
M. Snow and have since been used extensively by others, especially by Wardlaw and his 
associates, using the fern apex*. The interconvertibility of leaf and bud primordia bas been 
demonstrated in Dry op tens dilatata, by making a deep tangential cut between the shoot 
apical cell and a very young presumptive leal primordium, as a result of which it develops 
into a radially symmetrical bud instead of a dorsiventral leaf (fig. 2.1! A). This conversion 
of a leaf into a bud can only be effected with very young primordia. When a leaf primor- 
dium is a little older it remains as a leaf when such surgical treatment is applied. Thus, the 
primordia produced on the shoot apex are at first uncommitted, and they only become 
determined as leaves at a later stage. 

A different approach to the problem of leaf determination has been made by Stccvcs 


C 0 



a B 

Fig. 2.11. A. Shoot apex of Dryopteris in which the b position was isolated from the apical cells 
<ac) by a tangential incision (AH) and from leaf primordia 3 and 5 by radial incisions (CC 1 and 
DD 1 ). A bud has been formed in what was normally a leaf position. B. Shoot apex in which leaf 
primordium, P 2f has been isolated from P 5 and P 7 by radial incisions: P 2 grows rapidly and is 
soon larger than older primordia. (From C. W. Wardlaw, (A) Proc. Lintt. Sot. 162 ,13,1950-1; 
(B) Growth, 13 , Siuppl’. 93,1949.) 
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using sterile culture methods. When primordia are removed from the apex of the fern 
OsmutuJa eitmamomea and placed on a sterile nutrient medium they are able to undergo 
further growth and development (Fig. 2.12). When the youngest primordia, Pj-P 5 , were 
so tested they developed not as leaves but as shoots which eventually became rooted plants. 
Progressively older primordia showed an increasing tendency to develop as leaves, and 
P 10 always developed as a dorsi ventral leaf. From these experiments, Steeves concluded that 
leaf primordia of Osmunda are not irreversibly determined from their inception, but under¬ 
go a relatively long period of development during which they remain undetermined. 
Determination is gradually imposed on the primordium. 

Once determination has occurred, the future development of the complex pattern of the 
leaf is self-controlled, as shown by the fact that isolated leaf primordia in culture appear to 
go through all the normal stages of development, even though the resulting leaves are 
minute. 


LEAF SHAPE 

The very wide range ol variation in leaf shape in seed plants needs no emphasis. The 
shape of the mature leaf is determined by three factors: (1) the shape of its primordium; 
(ii) the number, distribution and orientation of cell divisions; (iii) the amount and distribu¬ 
tion of cell enlargement. 

The form of the early leaf primordium varies considerably from species to species. As wc 
have seen, in tobacco the young primordium has a simple, finger-like structure, but in 
maples (. lor), the development of the primordium forming the mid-rib is shortly followed 
by the appearance of two lateral branches at its base, and these three fmger-like structures 
give rise to the main veins of the leaf. In a compound leaf such as that of asli (/mv/ims), a 
number of lateral lobes are formed from the central primordium, and these give rise to the 
leaflets of the mature leaf. The subsequent development of each leaflet resembles that of a 
simple leaf. 

The comparative growth rates of the lamina and of the main veins have a profound effect 
oil the ultimate form of the leaf. If lamina growth keeps pace with that of the main veins, 
then a leaf of simple outline results. On the other hand, if growth is more vigorous near the 
veins than in the other regions, then a lobed leaf will be formed, the ultimate shape depend¬ 
ing also upon the pattern of vein development. In maple, for example, the early localized 
lamina growth around the main veins is normally followed by a wing-like growth to form 
a continuous sheet ot lamina joining the veins, so that a palmate leaf is produced, but in some 
gcnctical variants the growth of the lamina is restricted more to the regions adjacent to the 
veins, so that a more “dissected” type ot leaf is formed. 

Leaf shape may be profoundly modified by environmental factors; for example, the 
submerged leaves of some aquatic plants, such as Sagittaria and Ranunculus spy., have a very 
different form from that of the aerial leaves. In certain species a considerable number of 
genes which cause wide variations in leaf shape are known. The successive leaves formed on 






38 The Control of Growth and Differentiation in Plants 

the stern from the seedling stage onwards very commonly show characteristic changes in 

shape (p. 246). 


DIFFERENTIATION IN THE STEM 

As we have seen, the cells in the apical meristern itself are generally small, densely cyto¬ 
plasmic, have large nuclei, and arc non-vacuolatcd. As we pass downwards from the apex 
to the regions in which cell vacuolation and differentiation begins to be apparent in the 
pith and cortex, we notice that there is a zone of cells between these two latter regions 
which is characterized by smaller, deeply staining cells, as seen m cross-section (Fig. 2.13). 


Sieve tub* 



xylem element 

Fit;. 2.13. Successive stages in the development of the proeainbnun (cells with nuclei) in 
transection* of a stem of t.inum pontine. (All X 430. From K. Esau, Amtr.J. Bos. 29 , 738, 1942.) 


This latter zone gives rise to the future procambium. The level at which the procambium 
can be recognized varies considerably from species to species, but it commonly can be 
recognized in the zone of leaf initiation. At the highest level these densely staining smaller 
cells may be seen to form a complete ring, but not all the cells of the ring are destined to form 
the future vascular tissues and lower down the stem it can be seen that the ring has become 
broken into discrete strands, by vacuolation of some of the intervening cells of the former 
ring. I hese strands constitute the first clearly delimited procambium. Although the cells of 
the strands appear relatively small in transverse section, in longitudinal section they can be 
seen to be elongated and spindle-shaped. 

As we have seen (p. 34), the development of the procambium is closely associated with 
leaf development. From the leaf base the procanibium develops both acropetally into the 
leaf and basipctally to connect up with other vascular strands in the stem (Fig. 2.14). 
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Fic. 2,14, Diagram illustrating the initial vascular differentiation in a shoot with a decussate leaf 
arrangement, as seen in longitudinal section. Continuous lines indicate phloem and broken lines 
indicate xylem. (From K. Esau, Plant Anatomy, John Wiley & Sons, Inc., New York, 1953.) 

THE SHOOT APEX AS A SELF-DETERMINING REGION 

The observation that procambial strands develop acropctally into leaf primordia at a 
very early stage of their development raises the question as to whether the procambium 
plays a role in determining the initial siting of leaf primordia. If this were the case, then it 
would imply that the activities and organization of the shoot apex are influenced and con¬ 
trolled by the already differentiated regions ofthe shoot. However, several lines of evidence 
seem to argue against this conclusion. 

Firstly, it is clear that an organized shoot apex must arise de novo during the development 
of the embryo, and this may occur in free cell cultures in which the developing embryo is 
independent of the influence of any surrounding vascular tissues (p. 149). Similarly, 
shoot buds may anse spontaneously from undifferentiated tissue; for example, if chicory 
(Ckkorium) or dandelion (Taraxacum) roots arc cut in pieces, under appropriate conditions 
they will regenerate shoot buds from the cut surface at the upper end (Fig. 0.00). Adventi¬ 
tious buds will also develop in callus cultures of various species (p. 148), These observations 
suggest that the shoot apex represents a stable configuration of cells which will as it were, 
crystallize out” from an undifferentiated mass of tissue under appropriate conditions. 
Thus, the shoot apex appears to be a self-organizing region. 

Further evidence that the shoot apex is a self-determining region, and that it behaves as an 
organized whole, is provided by the observation that when the apex of Lupitms alba is 
divided into four sectors by vertical radial cuts through the centre, each of these sectors 
regenerates into a normal apex. 

Other experiments have included the surgical isolation of the apex from surrounding 
tissues by four vertical incisions, so that it stands on a plug of parenchymatous tissue (Fig. 
2.15). Under these conditions, in which the influence of the vascular tissue of the older parts 
ofthe shoot was removed, the apices of both Lupinus and the fern, Dryopteris, continued to 
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Developing 



i ; n;. 2.1 S. Experiment involving uirgit.il isolation of the shoot apical meristem of Dryopteris 
uristdta from existing vascular tissues. I nngitiuiiiial section showing two of the vertical incisions 
which isolated the apical meristeru on a plug of parenchymatous pith cells. Consequently, the 
only connection left between the apical meristem and existing vascular tissues was via paren- 
ihyma, yet the apex continued to grow', produced new leaf primordia, and developed normal 
vascular tissues. (Redrawn from C. W. Wardlaw, 1947.) 


behave in a perfectly normal manner and produced new leaf primordia in the normal 
phyllofactic sapience, indicating, once again, the self-determining properties of the shoot 
apex. Indeed, so far from being controlled by the acropetal development of procambial 
tissue, there is much evidence that developing buds and leaves exert a stimulatory effect on 
the differentiation of vascular strands in the stem tissue below. For example, if young leaf 
primordia arc removed from a shoot apex at a very young stage, vascular tissue fails to 
develop in the stem or, in the case of ferns, may be greatly modified or reduced. On the 
other hand, in callus cultures of chicory or lilac there is no differentiated vascular tissue, but 
if a bud is grafted into the callus, then vascular strands develop in the callus below the bud 

The stimulatory effect of a bud on the development of vascular tissue appears to be due 
to the hormones, especially auxins and gibberellins, which it produces (p. 118). There is 
also evidence that hormones play an important role in the regeneration of vascular tissue 

(p. 118 ). 

From these various types of evidence it is apparent that in respect of many of its activities 
the vegetative shoot apex is a self-determining region. On the other hand, when flowers are 
initiated, so that a vegetative shoot apex is converted into a flowering one, it appears that in 
many species this transition occurs under the influence of a stimulus arising within the 
mature leaves in the older parts of the plant (p. 205). 


ROOT APICES 

The apical region of roots shows both similarities and differences in comparison with 
shoot apices. No lateral organs such as leaves arc initiated at the root apex, and hence growth 
is more uniform and there is no division into nodes and intemodes. On the other hand, the 
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apex of the root is covered by a root cap, which is not represented in the shoot apex. 

It is possible, by careful study of the patterns of division in the root apical region, to trace 
back the origin of the main zones of the differentiated root, the epidermis, cortex and 
vascular cylinder, to certain groups of initial cells in the main zone of cell division, the 
promeristem (Fig. 2.16A). It has proved remarkably difficult to identify the initial cells with 
certainty, however, and there is still considerable difference of opinion as to the number of 

initial cells in roots. Some authors have claimed that there are relatively few initial cells_ 

perhaps only three, or even one. On the other hand, Clowes lias produced evidence that, in 
the root tip of Zea mays and other species, there is a group of rather inert cells which consti¬ 
tute the quiescent centre (Fig. 2.16B) and that the actively dividing initial cells occur at the 
boundary or “surface** of the quiescent centre. The zone of actively dividing cells takes the 
form of an inverted “cup*’. Several techniques have been used to study this problem, in¬ 
cluding autoradiographic studies to show the zones of active 1)NA synthesis and cell divi¬ 
sion, using a radioactive DNA precursor, such as a H-thymidino. Nuclei which show active 
DNA synthesis will incorporate the 3 H-rIiymidine, whereas inert cells will show no incor¬ 
poration (Fig. 2.17). In this way, the existence of the quiescent centre can be clearly shown in 
various species. The function of the quiescent centre is still obscure. 

The initial cells and their immediate daughter cells are non-vacuolated and cell division 
proceeds actively in this zone. Further back along the root, however, cell division becomes 
less frequent and cell vacuolation and extension commence. Ill the roots of many species 
(c.g. wheat) growth is fairly sharply separated into regions ofcell division and cell extension, 
but in others (e.g. beech, Fagus sybatica) there is a certain amount of division in cells which 
arc beginning to vacuolate. 

The boundaries of the future vascular cylinder, cortex and epidermis of the root become 
recognizable at a short distance back from the apical initials. These zones can be disting¬ 
uished by the sizes of the cells and by the planes of division; the cells of the inner layers of 
the cortex tend to develop by pcrichnal divisions, whereas the planes of the cell walls of the 
future vascular tissue arc less regular. 

The phloem procambium becomes recognizable at an early stage, by virtue of its small 
cells as seen in transverse section. The procambium develops acropctally and the differentia¬ 
tion of xylem and phloem follows in the same direction, the phloem preceding the xylem 
(Fig. 1.1). 

It was shown earlier that, in many respects, the shoot apex is a sclf-dctcrniining region, 
and this appears to be true also for the root apex. Thus, the pattern of vascular differentiation 
appears to be controlled by the apex itself. For example, if the apical 2 mm of roots is cut 
off, and the tip is turned about its longitudinal axis and replaced on the stump, the vascular 
tissue which later differentiates in the tip is out of line with that of the stump. Again, 
Torrey cut off the extreme tips of roots ofPisunt sativum and grew them in a suitable culture 
medium. It was found that whereas the original roots showed triarch xylem (i.e, it showed 
three protoxylem groups), a certain proportion of the regenerated roots showed a diarch 
structure. Thus, the experimental treatment destroyed the original pattern of differentiation 
and yet a new one was determined by the mcristem. 
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Fic. 2.17. Autoradiograph of root rip section of Sinapis photographed by dark ground illumi¬ 
nation. The silver grains (white dots) are clustered over the nuclei that have synthesized DNA 
during the 4K hours in which tritiated thymidine was supplied to the plant. Note the quiescent 
centre in which no nuclei have been labelled. (From Clowes and Juniper, I%H.) 


FLOWER INITIATION AND DEVELOPMENT 

Sooner or later, one or more of the vegetative apices of a plant cease to produce leaves 
and buds and become converted into flowering apices. This transition involves a basic 
change in the structure of the shoot apex. The first detectable change is an increase in cell 
division in the region of the corpus between the central mother zone and the rib men- 
stem (Fig. 2.18A), and this increased cell division gradually spreads to the central mother 



44 


The Control oj Growth and Differentiation in Plants 

zone and downwards into the flank regions. At the same time there is a marked reduction in 
cell division and growth in the rib mixistem and pith where some of the cells undergo 
vacuolation. As a result of these changes, the shoot apical region is transformed into a 
structure consisting of a central pith of vacuolated cells covered by a “mantle” of smaller, 
densely staining meristematic cells (Fig. 2.18). During these changes the height of the apical 



Fu:. 2.18. A Median section through the shoot apical meristem of Xutthium stnwuirium, during 
the transition from the vegetative to the reproductive state. Active division has commenced 
m the region between the central mother zone and the rib meristem and the zoiution character¬ 
istic of the vegetative apex (Fig. 2.5) lias been partly obliterated. B. Early reproductive apex of 
Xanthium, showing the meristematic "mantle” overlying the enlarged central rib meristem. 

I From F. B. Salisbury, 77ic R>iem, v Pergamon Press, Oxford, 1963.) 
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region increases considerably in most species, but where the inflorescence is a capitulum, 
as in the Compositae, it may become flattened. 

The mantle, which includes both the tunica and the outer layers of the corpus, gives rise 
to the bracts and the flower primordia. Ultimately the flower primordia extend over the 
whole surface of the apex, so that all the meristematic tissue becomes differentiated. Thus, 
the structure of a vegetative apex becomes obliterated by the transition to a reproductive 
apex, and we have a change from an apex capable of unlimited growth to the determinate 
meristein of the inflorescence. 

The subsequent pattern of development of the individual flower varies considerably 
from species to species. According to the “classical” viewpoint, the receptacle of the flower 
is a modified vegetative shoot and differs from the latter in that it is no longer capable of 
unlimited growth and has very short “intemodes”. The development of a relatively 
“primitive” flower, such as that of a buttercup (Ktmimm/ns) (Fig. 2.19), bears out this view, 
since we find that during the early stages the apex still retains essentially the same structure 
as that of the vegetative shoot. Moreover, the initiation and early development of the 
various parts (perianth, stamens, carpels) are very similar to those of leaves, although the 
patterns of development diverge later. The stamen arises as a small protuberance and as it 
enlarges it gradually assumes the four-lobed form of the mature anther. The filament 
arises late in development, as the flower opens. 



Fig. 2.19. Development of the flower in Ranunculus trilobus. 1 and 2. Two stages in the develop¬ 
ment of the entire flower. 3. Developing carpel. (Adapted from Payer, Traite d' organogenic 
comparec de lajieur, Paris, 1857. Reprinted from A. Fahn, Plant Anatomy, Pergamon Press, 1967.) 


In flowers with an apocarpous gynoecium, i.e. with free carpels, the first stage of carpel 
development is the appearance of a rounded primordium similar to that of the other 
organs. This primordium elongates and a depression appears in the tip. As a result offurthcr 
unequal growth each carpel adopts a horseshoe form (Fig, 2.19); these structures grow 
upwards and their margins meet and fuse. In flowers with a syncarpous gynoecium, the 
carpels may arise independently at first and fuse later, or they may be already joined from 
the earliest stages. 
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CHAPTER 3 


Plant Growth Hormones and Their Metabolism 


The ckowth of a plant is a dynamic and complex, yet strictly controlled, process. This 
means that growth in different parts of the plant must be integrated and co-ordinated and 
we shall meet a considerable number ot examples of such grou>th correlations in later chap¬ 
ters. The co-ordination of growth between different parts of the plant must clearly involve 
some control mechanism. Moreover, we have seen, m earlier chapters, that the develop¬ 
ment ot organs, such as leaves or stems, involves an orderly sequence of phases of cell divi¬ 
sion and cell extension, so that there is also co-ordination of growth in time. As a result of 
intensive studies extending over many years, it is now known that hormones play a vital 
role in the control of growth, not only within the plant as a whole, but apparently also 
within individual organs. It is now realized that there are at least three major classes of 
growth-promoting hormones— auxim, gibbcrellins and cylohittins. In addition, other classes 
of plant hormones exist, particularly the “growth inhibitors” such as abscisic acirf(ARA), 
but also including a gas, ethylate, which is apparently involved in many growth pheno¬ 
mena. 

Growth hormones are translocated within the plant, and influence the growth and 
differentiation of the tissues and organs with which they come into contact. This leads us to a 
consideration of the nature and role of growth hormones. The word ‘'hormone 1 * was first 
used by animal physiologists, to refer to a substance which is synthesized in a particular 
secretory gland and which is transferred in the blood or lymph to another part of the body 
where extremely small amounts of it influence a specific physiological process. However, 
plant hormones differ in certain respects from the classical concept of hormones which was 
originally based upon the discovery of these substances in animals. In an animal a hormone 
is a substance produced in one particular organ such as a gland, and which is secreted to 
produce its typical and usually specific effect at a site distant from its point of origin. In the 
case of plant hormones we cannot always differentiate so clearly between the site of hor¬ 
mone synthesis and its place of action, although there is much evidence, referred to in 
Chapters 5 and 7, that plant hormones do usually have effects at sites distant from their place 
of production. Another difference between animal and plant hormones is that whereas 
the effects of most animal hormones arc rather specific, a plant hormone can elicit a wide 
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range of responses depending upon the type of organ or tissue in which it is acting. For 
reasons such as these, plant growth hormones have frequently been referred to by other 
names, such as “growth regulators” or “growth substances". In general, though, the term 
“growth hormone" appears to be more appropriate, despite the difficulties discussed above, 
since it does intimate that these substances are active in extreme!v small quantities, and that 
in many instances they exert control over processes in tissues different from those in 
which they are synthesized. 

bach nl the chemically different categories of growth hormone has characteristic influ- 
ences on growth and differentiation in plant cells and tissues. Auxins were the first plant 
growth hormones to be discovered, and consequently we shall now review very briefly 
the history ot the disco very of auxins and their chemistry, followed bv similar considera¬ 
tions of gibberellins, cytokinins, ethylene, and finally abscisic acid. 


AUXINS 

I he basis of our modern knowledge of auxins lies in the work of Charles Darwin, 
published almost a century ago in a book entitled 7 he Power of Movement in Plants. Darwin 
investigated the phenomenon of phototropisin , the bending of plant organs in response to 
unilateral illumination. 

Darwin experimented with seedlings of the ornamental canary grass (Phafaris canariensis). 
I he coleoptile of grass seedlings proved a very convenient subject for the study of photo- 
tropism by Darwin and many other later workers. However, it was Darwin who first 
realized that the tip of the coleoptile perceives the unilateral light stimulus, but that the 
curvature response occurs lower down (Fig. 3.1). 1 )arwin concluded that, “when seedlings 
are freely exposed to a lateral light some influence is transmitted from the upper to the 
lower part, causing the latter to bend . It was left to later researchers following Darwin to 
find out the nature of the “influence”. 

Various workers, particularly Boysen-Jensen and Paal, conducted experiments in the 
second two decades ot this century which demonstrated that the growth-promoting 
influence transmitted from a coleoptile tip was of a purely chemical nature (Fig. 3.1). Paal 
was led to suggest that this chemical, under conditions ot darkness or uniform illumination, 
continually moves down the coleoptile on all sides and acts as a correlative growth promoter. 

I he first successful isolation of the chemical messenger from coleoptile tips was carried 
out in 172(> b\ a Dutchman, F. W. Went, who thus extended the work of Boysen-Jensen 
and Paal. Went found that if he placed an excised oat (vh'cjui) coleoptile tip upon a small 
block ot agar gel, then the agar block acquired growth-promoting properties, in that if the 
block was separated from the tip and placed on one side ot a coleoptile stump, then curva¬ 
ture of the stump resulted. An agar block which had not been in contact with a tip had no 
such effect. 1 he conclusion was, therefore, that the chemical messenger had diffused from 
the tip into the agar block. Subsequent placing of the agar block on to a coleoptile stump 
allowed diffusion of the messenger out of the block and into the stump. However, tins was 
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Fig. 3.1. A summary of important experiments which established the existence of auxin in 
plants. All experiments performed with coleoptiles of grass seedlings. Triple arrows indicate 
the direction of incident unilateral light. In the case ofWcnt’s experiments, dose-response curves 
are shown for the Went Avetut curvature test; one for response against number of coleoptile tips 
diffused on agar, and the other for response against concentration of indolc-3-acctic acid (I A A) 
in the agar block. 
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not i mly the first separation of a growth hornmne from a plant but it also afforded Went a 
technique whereby lie was able to make quantitative measurement of the growth hormone. 
The method of measurement that Went devised is a biological assay (bioassay) based on the 
curvature of a coleoptile stump in response to an asymmetric placing of an agar block 
containing the growth hormone (fig. 3.1). 

1 he name auxin ((rom the Creek jiicvoh, to grow) was given to the growth hormone 
produced by the tip of a coleoptile. I lowever, it is now known that auxins are present in all 
higher plants and not only in grass seedlings. Auxins are, as we shall see later, of fundamental 
importance in the physiology of growth and differentiation. They appear to be synthesized 
mainly in mcristematic tissues such as those of the stem and root apex, young developing 
leaves, flowers and fruits. 


The Isolation and Chemical Charm teri-? at ton of Auxin 

l .arlv attempts to isolate and chemic ally identify auxin suffered from the difficulty that it 
is present in plant tissues in extremely small quantities. It was found to be impossible at that 
time to obtain sufficient auxin I mm plants to prepare pure crystalline auxin for analysis. In 
fact the first i rystalline auxin was obtained from human urine. Some confusion arose as a 
result of early attempts to determine the chemical nature of this auxin, bur in 1934 it was 
shown to he inclolc-3-acvtic acid (often abbreviated ro IAA). 



If 

Indolc-3-acetic acid (IAA) 

Since the initial discovery of IA A as an auxin, it has been found that this substance occurs 
in most plant species, and it is mnv believed ro be the principal auxin in higher plants. 

Much research is still conducted with the aim of elucidating the true nature of endo¬ 
genous (i.e. internally synthesized) auxin in plants, and this involves the use of a number of 
modern chemical and physical techniques, as well as biological methods. As we saw earlier, 
the first isolation of auxin from plants was achieved by allowing diffusion of the hormone 
to take place from the plant tissue into a suitable inert medium such as agar gel. fins method 
is still utilized and auxin obtained in this way is referred to as diffusible auxin . More com¬ 
monly, plant tissues are extracted by organic solvents, such as di-cthyl ether or methanol. 
There are often quantitative and qualitative differences between auxins obtained by diffu¬ 
sion and extraction, even from the same tissue. 

Chromatographic separation of the constituents of a plant extract results in the original 
extract being split up into a number of separate fractions. Each of these fractions is then 
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examined, to see whether or not it contains any auxin. To do this some sort of bioassay is 
usually used, such as the Went Ai mi test described earlier. There are numerous other types 
of biological assay for auxin that have been developed over the years, all of them making 
use of some measurable aspect ot the effects of auxin in plants. One of the most commonly 
used tests is the coleoptile straight-growth tesr, in which sections of uniform length (say 
5 mm) are cut from young A vena coleoptiles and placed in the extract to be tested for 
growth-promoting activity. However, although biological assays are indispensable in such 
studies, chemical identifications ot the auxin must eventually he carried out. Even today 
this identification presents great difficulties, mainly because of the difficulty in obtaining 
sufficient auxin tor analysis. Nevertheless, chemical characterization of auxins in plants is 
now possible, largely through the development and application of sensitive physico¬ 
chemical techniques such as ultra-violet and infra-red spectroscopy, and more recently 
mass-spectrometry has been applied to the problem. 

The results of such studies have, in general, confirmed that IAA occurs as an auxin in 
plants, although it has become apparent that there are other substances in plants which also 
possess auxin activity. In many cases these other substances are indoles, closely related 
chemically to 1A A; for example, the compound mdole-3-acetonitrile (IAN) is known to be 
present in a number of plant species, particularly members of the Cruciferae, and pea 
plants appear to contain 4-cliloro-indole-3-acctic acid as a natural auxin. There arc also 
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Indole-3-acctonitrilc (IAN) 

compounds, such as phenylacetic acid, present in plants which arc not indoles and yet 
possess auxin activity, but both the chemical natures and the physiological significance of 
most of these non-indolc endogenous auxins remain obscure at the present time. It is 
because of the existence of more than one type of chemical which show auxin activity, that 
wc often speak of auxins, rather than the singular, auxin. 


Indolic Auxin Metabolism 

Investigations of the metabolism of endogenous auxin have concentrated on the origin 
and fate of IAA in plant tissues. The reasons for this are first, the belief that IAA is the princi¬ 
pal auxin, and secondly the concern to understand normal plant growth regulatory 
mechanisms. Since it is known that the concentration of auxin available to tissues can have a 
determining effect on growth and differentiation, then the factors which limit the concen¬ 
tration of IAA in plant tissues have received most attention. These factors include: 
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1. IAA synthesis. 

2. IAA destruction. 

3. IAA inactivation by processes other than destruction of the molecule. 

4. Regulation of IAA transport between tissues and organs (see Chapter 5). 

A icviu biosynthesis. As soon as IA A was identified as an endogenous auxin, it was suggested 
that it is formed from the amino acid tryptophan, a compound with an indole nucleus 
which is universally present in plant tissues, both in the free state and incorporated into 
protein. Indeed, it has been demonstrated many times that higher plants, or enzyme 
preparations from them, are able to bring about the conversion of exogenous tryptophan 
to IAA. (irenter amounts of IAA arc formed from added tryptophan in non-stcrile plants 
or enzyme preparations than under sterile conditions, and in the late l%Hs it was suggested 
that all the IAA present in plants is synthesized by epiphytic bacteria, Subsequent research 
has, however, revealed that completely sterile plant tissues and enzyme preparations are 
able to convert tryptophan to IAA. There seems little doubt, therefore, that IAA is synthe¬ 
sized by higher plants, utilizing a biosynthetic pathway involving indole-3-pyruvic acid 
(IPyA) and indo!e-3-acetaldchydc (I A Aid) as intermediates (Fig. 3.2). In certain species, 
such as oat, tobacco, tomato and barley, there is some evidence that IAA can also be syn¬ 
thesized from tryptophan via tryptamine and IAA Id (Fig. 3.2), but other species (e.g. pea, 
bean, cabbage, squash) do not contain tryptamine. A third pathway for IAA synthesis exists 
in members of the Cruciferae, in which tryptamine may be converted to indoleacetal- 
doxune and thence to IAN either directly or via the thioglucosidc, glucobrassicin, followed 
by the conversion of IAN io IAA by the enzyme nitrilase. The relative importance of these 
alternative pathways for IAA synthesis is not known. 

Apart from the indole compounds shown in the schematic representation of IAA synthe¬ 
sis in Fig. 3.2, a number of other indoles are known to occur naturally in plants. It is possible 
that any one or all of these indoles could serve as precursors of IAA, but clearly wc still lack 
good information on the biosynthetic pathways for IAA actually occurring m I'itu 

IAA destruction. It is well established that IAA is in one way or another fairly readily 
inactivated by most plant tissues. It appears, therefore, that the concentration of IAA in 
plants is regulated not only by its rate of synthesis, but also by inactivation mechanisms. 
The indications are that IAA catabolism as well as biosynthesis may follow more than one 
pathway. 

(a) Photo-oxidation. IAA in aqueous solution will soon decompose if left exposed to light. 
This photo-oxidation of IAA is greatly accelerated by the presence of many natural and 
synthetic pigments. Thus, it is possible that plant pigments absorb light energy which 
energizes the oxidation of IAA in vivo. If this is so, then the most likely pigments involved 
arc riboflavin and violaxanthin, tor these are commonly present in plants in relatively large 
amounts and they absorb light in the blue regions of the spectrum which have been found 
to be the most active in inducing photo-oxidation of IAA, 
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H 

(Indole-3-ocetonitrile) 

Flo. 3.2. Possible biosynthetic pathways for indole-3-acetic acid (1A A) in plants. (The pathway 
though tryptaminc operates in some plant species, for example in oat, tobacco, tomato and 
barley, but not in others.) 


Breakdown products of in vitro photo-oxidation of IAA include 3-incthylenc-2-oxin- 
dole and indolealdchyde, together with other unidentified compounds formed by cleavage 
of the indole ring. 



Indole aldehyde 



H 

3-methylene-2-oxindole 
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Nothing is known of the chemistry of IA A photo-oxidation within the plant, but indole- 
aldehyde and incthylcne-oxindole do occur naturally in many plants, and may perhaps 
represent a product of in vivo photo-oxidation. Some research has indicated that when 
mcthylene-oxindolc is applied to plants, it may show growth-regulating properties, either 
inhibiting or accelerating the rate of growth. However, other more recent work has 
suggested that endogenous methylenc-oxindole does not function as a growth regulator m 
vivo. 


(b) linzymic oxidation of IAA. Many plants contain an enzyme, or enzyme system, known 
as "IAA-oxidase", winch catalyses the breakdown of IAA, with the release of C0 2 and 
consumption of () 2 . lAA-oxidase preparations from different plant species often have 
different properties, but they all show some similarities to the enzyme peroxidase. Full 
peroxidation of IAA (i.e. by H 2 0 2 in the absence of 0 2 ) does not occur, but oxygen is 
always required in addition to 11 2 () 2 . Addition of \ \ 2 0 2 to some fAA-oxidasc preparations 
does enhance the rate of IAA degradation, but in other cases it does not: probably because 
crude plant enzyme preparations can possess the ability to generate H 2 O 2 which would be 
available for peroxidase action. IAA-oxidase from higher plants requires manganese as a 
co-factor, and its activity is increased by monopheiiols and reduced by ortho- and para- 
dihydrie phenols and polyphenols. 

I he pathway of IAA breakdown by lAA-oxidase is ill-understood. A principal product 
itt vitro is .i-methylcne-2-oxindoIe, and this is probably further metabolized to 3-mothyl-2- 
oxindolc. IAA-oxidase preparations that also contain cytochrome oxidase metabolize IAA 
to yield indole-3-aidehyde as the main product, and this latter compound is relatively stable 
compared with the oxitufoles, I he physiological significance of these observations is not at 
all clear at present, f urthermore, the relationships between IAA-oxidase and naturally 
occurring phcnolics are still rather obscure, probably because many of the experimental 
studies have been made with relatively crude enzyme preparations. It is quite likely, never¬ 
theless, that naturally occurring phenolic modifiers, or regulators, of lAA-oxidase activity 
do function in plants. 

Interest in the enzymic oxidative destruction of IAA has been maintained by indications 
that such a process might be important in regulating auxin levels in plant tissues. Thus, there 
have been a number of reports that (I) IAA-oxidase activity rises with age of tissues, (2) 
there is a negative correlation between growth rate and IAA-oxidase content of various 
organs, and (J) that root tissues contain both very low IAA concentrations and very high 
IAA-oxidase activity. Nevertheless, there is nor, as yet, conclusive proof that such correla¬ 
tions are physiologically important. 


/ritfr/ti'ijfi'iw of IAA by other l\oeessc$. Apart from degradation by photo-oxidation or 
enzyme activity, IAA can be inactivated in plant tissues by the formation of hormonally- 
inert complexes of various types. Thus, IAA is readily esterified by plant enzymes to yield 
its ethyl ester (indole ethyl acetate). 
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H 

Indole ethyl acetate 


Similarly, enzymic formation of conjugates such as indole acetyl-aspartic acid have been 
reported many times. 



COOH 

Indole acetyl-aspartic acid 


The nature oftheestenfying or conjugating enzymes involved in these reactions remains 
very uncertain at present. 

Conjugates are also formed between IA A and various sugars and sugar-alcohols, yielding 
compounds such as indoleacctylarabinose, indolcacetylglucose and lAA-myoinositol, and 
between IAA and proteins. 


GIBBF.RELLINS 

The discovery of a group of plant growth-hormones now known as the gibbcrcllins 
dates from the 1920s, when Kurosawa, a Japanese research worker, was investigating the 
“bakanae” (“foolish seedling”) disease of rice caused by the fungus Gibberella fujikuroi (also 
known as Fusarium monilifome). A characteristic symptom shown by rice plants infected 
by this fungus is an excessive elongation of stems and leaves, resulting in abnormally tall 
plants which usually fall over due to the spindly stem structure—hence, “foolish seedling . 
Kurosawa and fellow Japanese workers found that if they grew the fungus in a culture 
medium, and subsequently filtered off the fungus, then the culture filtrate, which was com¬ 
pletely free of the fungus itself, would induce the same abnormal growth symptoms when 
applied to rice plants. It was clear that Gibberella fujikuroi secreted some substance into 
infected plants, or into the nutrient medium when grown in culture, which was stimu¬ 
latory to stem and leaf elongation. In 1939 a small quantity of highly active crystalline 
material was isolated from such culture filtrates, and was given the name “gibberellm A . 
The chemical composition and structure of this material was not unequivocally worked out 
by the Japanese. It was not until 1954 that further progress was made, when British chemists 
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isolated and chemically characterized a pure compound from culture filtrates of Gibberella 
fujikuroi. They called this new substance gibbercllic acid and found that it has the following 
structure: 



Gibbercllic acid when applied to many species of intact growing plants induced abnorm¬ 
ally great extension of stems and leaves, but the response was found to be greatest when 
genetic dwarfs of various plant species were treated. Such treated dwarf plants assumed the 
appearance of the normal tall plants, from which the dwarfs had originally arisen by muta¬ 
tion (ng. 3.3). 

It might appear strange that a substance obtained from a fungus should produce essen¬ 
tially normal responses in higher plants. However, it is now known that gibbercllic acid 
and substances very similar in both chemical structure and biological activity occur in 
healthy (i.e. nun-infected) plants of all species. In fact, a number of these compounds have 
been isolated from higher plants, so that at the present state of knowledge there are over 
fifty chemically characterized compounds which produce effects similar to those elicited by 
gibbercllic acid. These compounds arc known collectively as the gibberellins, designated 
gibbcrcllins A lt A 2 , A ; „ A 4 , etc. Gibbercllic acid is numbered A 3 . Some of the known 
gibberellins have been isolated from culture filtrates of Gibberella fnjikitroi t and others from 



Fig. 3.3. Effect ot gibbcreJlic acid(GA 3 ) on shoot growth in dwarf pea plants (Pisum sativum c.v. 
Meteor). Plant at extreme right was not treated with GA 3 ,but the other plants received increas¬ 
ing doses of GA 3 from right to left. (Original print provided by Professor P. W. Brian.) 
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various organs ot higher plants. All have the same basic molecular structure (the c«f- 
gibberellanc carbon skeleton) as gibberellic acid, differing from one another mainly in the 
number and positions of substituent groups on the ring system, and the degree of saturation 
in the “A” ring (see Fig. 4,5). It is highly likely that further additions will in future years be 
added to the list of gibberellins. 



The < m-i»ibbcrellanc carbon skeleton 

Apart from gibberellins having the gibbanc carbon skeleton, there are some other com¬ 
pounds known which possess gibberellin-like biological activity but differ markedly in 
chemical structure. For example, a compound called hclminthosporol isolated from the 
fungus Hcbmnothosporium sativum, and phaseolic acid obtained from bean seeds. 

The discovery that the gibberellins, or at least some ot them, arc natural growth hor¬ 
mones in higher plants, necessitated a complete reconsideration of views of the hormonal 
control ot plant growth and differentiation. One could no longer think ot development of 
cells and tissues as being influenced by only one growth hormone, that is auxin, but con¬ 
sideration had to be made of the effects of gibberellins and, later, other hormones (c.g. 
cy tokinins) on the processes affected by auxins. Indeed, as we shall see later, auxins, gibbcrcl- 
lins and cytokinins interact in their influences on plant growth and differentiation, and it 
is highly likely that abscisic acid and ethylene also interact with other growth hormones. 

Gibbereilin Metabolism 

Gibberellins arc chemically diterpenes, which arc themselves members ofa vast group of 
naturally occurring compounds in plants called terpenoids. Considerable knowledge of 
terpenoid biochemistry exists, and consequently rapid progress has been made in elucidat¬ 
ing the outlines of gibbereilin biosynthesis. 

Gibbereilin biosynthesis. All terpenoids are basically built up from “isoprene units”, which 
are five-carbon (5-C) compounds. The linking together of two isoprenc units yields a 
C 

o' 

Isoprene unit (5-C) 

monoterpenc (C-10), of three a sesquiterprene (C-15), of four a ditcrpenc (C-20), and of 
six a triterpcnc (C-30). 
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A summary of the biosynthetic sequence of gibberellins in higher plants as we presently 
know it is shown in Fig. 3.4. 

It is of interest to note here that the growth inhibitor abscisic acid is a sesquiterpenoid, 
and it is possible that the initial steps in the biosynthesis of gibberellins and of this substance 
may involve a common pathway from mevalonic acid. 

A number of synthetic growth retardants have been discovered in recent years (e.g. below): 
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Some of these arc proving of considerable importance in agriculture (see p. 137). Several 
of these growth retardants have been shown to act by inhibiting gibbcrellin biosynthesis 
in the plants to which they are applied. For example, the growth retardant “Atno-1618” 
has been shown to inhibit the biosynthesis of gibbcrellin in homogenates of the endosperm 
of the wild cucumber (Echinocytis macrocarpa). It appears that Amo-1618 inhibits the 
eyelization of gcranylgeranyl pyrophosphate to ( -)-Kaurcne (Fig. 3.4). The growth 
retardant C-ycocel”, or “CCC” appears to act similarly. 

Gibbcrellin catabolism. Very little is known of the eventual fate of gibberellins in plant 
tissues. There is evidence that gibberellins retain their physiological activity for some con¬ 
siderable time in plants. This is in marked contrast to the rapid inactivation of applied 
natural auxins (such as IA A) in plant tissues, but it is a common observation that even large 
doses of gibberellins are not particularly injurious to plains whereas auxins can be, perhaps 
due to an effect on the production of ctbylene(p. 113). Thus, it would seem more important 
that plants should have the capacity tor speedy inactivation of auxin when its concentration 
exceeds a certain value. However, there is evidence that considerable interconversion of 
gibberellins takes place in plant tissues. That is, one gibbcrellin can be converted into a 
different gibbcrellin (see Fig. 3.4). Moreover, there is evidence for the existence of gibber- 
ellin glycosides (i.e. conjugates with sugars) in plant tissues (e.g. 2-O-D glucopyranosyl- 
CiA 3 is present in seeds and seedlings of Phasvolus coccineus), and these may represent the 
products of an inactivation mechanism. 
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Fig. 3.4. Possible biosynthetic pathways for some of the known gibberellins from nicvalonatc. 
The sequence of reactions and transformations shown arethose which appear to occur in higher 
plants; dashed lines indicate transformations which involve as yet unknown intermediates. In 
the fungus Gibberclla fujikuroi, the pathways arc similar but not identical to those in higher 
plants. The cyclization of geranylgeranyi pyrophosphate (*) is blocked by growth retardants 
such as CCC, Phosfon D and AMO-1618. (Diagram prepared with advice from Dr. J. Mac¬ 
Millan and Dr. fan D. Railton.) 
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Gibbcrcllic acid in solution can be decomposed by acid hydrolysis, particularly at liigher 
temperatures, to yield compounds such as gibberellenic acid, allogibberic add and gibberic 
acid. The latter compound does not retain any hormonal activity, but gibberellenic and 
allogibberic acids can still elicit some of the physiological effects of gibberellins. 


CYTOKfNrNS 


I he discovery i if this group of plant growth hormones came from work concerned with 
the in vitro culture of young plant embryos and tissue explants. Studies by Habcrlandt in the 
first two decades of this century demonstrated the existence in plant tissues of a diffusible 
factor which stimulated parenchymatous cells in potato tubers to revert to a meristematie 
state. That is, tell division could be induced by the factor. 

Many workers, particularly Skoog and Steward in the U.S.A., have made a close study 
of the growth requirements of callus-cultures (a mass of undifferentiated and usually rapidly 
dividing cells (p. 144)) prepared from the parenchymatous pith cells of tobacco, and from 
carrot foots. It is primarily as a result of their work during the 1950s that we became aware 
of the existence of cytokinins—plant growth hormones originally regarded as being par¬ 
ticularly important in the processes of cell division and differentiation, but which more 
recently have been found to be implicated in various other physiological processes such as 
senescence and apical dominance. 

Skoog used a tissue culture technique in which ail isolated piece of tobacco pith is placed 
on the surface <4 agar gel into which had been incorporated various nutritive substances 
and other, hormonal, factors. The exact composition of the agar medium was varied, and 
the effects on the growth and differentiation of the pith cells noted. For growth to occur it 
was found that it was necessary to add not only nutrients to the agar, but also hormonal 
substances such as auxin. However, when auxin (IA A) was applied alone with the nutrients 
very little growth of the pith explain occurred, and that which did consisted predominantly 
of cell enlargement ; very few cell divisions occurred, and no differentiation of cells took 
place. It, however, the purine base adenine was incorporated into the agar medium along 
with IA A, then the parenchymatous cells were induced to divide and a large callus mass 
was created. Adenine added without auxin, however, did not cause cell division in the pith 
tissue. I here was, therefore, an iwferiiffjiuj between adenine and auxin, resulting in the 
triggering off of cell division. Adenine is a purine derivative (6-aminopurinc) and is a 
naturally occurring component of nucleic acids. 

Later, another substance with similar, but more potent, effects as adenine was prepared 



Adenine 

(6-aminopurine} 


Purine 

(with numbering system) 
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from degraded deoxyribonucleic acid (DN A). This substance was found ro be 6-(furfuryl- 
amino) purine, basically similar in structure, therefore, to adenine. Due to its property of 
actively promoting cell division (in conjunction with auxin) it was given the name of 
kinetin. Indole-3-acetic acid and kinetin were found to have interacting effects upon cell 
division and differentiation in tobacco pith cultures (Fig. 6.2), similar to those shown bv 
IAA and adenine. 

Kinetin is a synthetic cytokinin, which does not occur naturally in plants. A number of 
other synthetic cytokinins have been subsequently discovered, among the most active of 
which are the compounds bcnzyladcninc (BA) and tetrahydropyranylbenzyladcninc 
(PBA): 



K i netm 

(6-furfuryl ami nopurine) 



8enzyiadenine(8A) 



Tetrchydropyrorylbenzylodenine (PBA) 


Endogenous Cytokinins 

Although kinetin, BA and PBA have never been shown to be present normally in 
plants, substances which produce similar physiological and morphological effects have been 
found in various organs of many plant species, particularly in “nurse tissues” such as coco¬ 
nut milk (a liquid endosperm), in immature caryopses of 7ea mays, and in immature fruits 
of Inppocastanum (horse chestnut), banana and apple. These naturally occurring 

substances, together with other synthetically prepared compounds which have effects on 
growth similar to those of kinetin, have been given the generic namcofcyfekiHW*. A cyto¬ 
kinin, therefore, is a substance which, in combination with auxin, stimulates cell division in 
plants and which interacts with auxin in determining the direction which differentiation of 
cells takes. 

Most available evidence suggests that naturally occurring cytokinins are purine, particu¬ 
larly adenine, derivatives. In 1964 the New Zealander, Lctliam, isolated a cytokinin from 
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sweet torn kernels and identified it as 6-{4-hydroxy-3-mcthyl but-2-enyI) amino purine. 
For convenience, Letham lias called tliis substance Zeatin. 

Since the first isolation and characterization of zeatin, a quite extensive range of naturally 
occurring cytokinins have been identified from various plant sources. All the known 
naturally occurring cytokinins are adenine derivatives (i.e. they are 6-substitutcd amino 
purines). Some of the naturally occurring cytokinins are illustrated below. Zeatin is the 
nit »st active of the known natural cytokinins. The cytokinin ( 0 -hydroxy benzyl) adenosine, 
isolated from poplar leaves, is of interest since the base is identical with that of the synthetic 
cytokinin benzyl adenine, apart from the additional hydroxyl group. 
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Like other purines, the natural cytokinins readily form the riboside(puritie base - ribose 
sugar) and ribotide (base i ribose : phosphate group) derivatives, and may also, as we 
shall consider later, be contained in ribose nucleic acids. Examples of a naturally occurring 
cytokinin riboside and a evtokinin ribotide are shown below: 


/C H 3 

CH-, C 

H r \ - / \ 

N' XH n CHj 

A .N 

U> 

i 

HOCKLOv ; 

V? 

HO OH 


Dimethylollyladernne riboside 
(’ isopentenyladenosme, I PA) 





HO OH 

Zeatin ribotide 



Plant Grou’th Hormones and Their Metabolism 


63 


Cytokinin Metabolism 


(a) Biosynthesis. It may be assumed that the biosynthesis of*natural cytokinins takes place 
by the substitution ot characteristic side chains on to carbon 6 of the adenine moiety which 
is of common occurrence in plant cells. The side chain of a natural cytokinin contains five 
carbon atoms and this suggests that it is derived from the isoprenoid biosynthetic pathway. 
As we shall see later, cytokinin groups occur in certain species of t-RNA, and it has been 
shown that radioactivity from labelled mevalonate (MV A) becomes attached to specific 
adenine groups in the t-RNA, to give the dimethylallyl side chain ot the cytokinin, IP A. 

The occurrence of cytokinin groups in t-RN A means that tree cytokinins may be formed 
from the degradation of t-RNA and this has, indeed, been shown to be the case. However, 
there is considerable doubt as to whether the observed levels ot tree cytokinins in actively 
growing plant tissues can be accounted for solely by degradation ot t-RN A, and it may well 
be that there is another pathway ot cytokinin biosynthesis in which the isoprenoid side 
chain is attached directly to tree adenine. Experiments conducted to date, however, have 
failed to demonstrate incorporation ot I4 C-MV A into the side chain of free cytokinins, and 
the significance of this is uncertain at present. Apart from direct substitution of adenine 
with an isoprcne-dcrived side chain, at least some ot the naturally occurring cytokinins are 
formed by conversion from one or other cytokinins. A possible mechanism of metabolic 
intcrconversion ot natural cytokinins in plants is illustrated in Fig. 3A. 
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Fic. 3.5. Possible pattern of interconversions of some ol the naturally occurring cytokinins in 
plants (note; dimethylallyl — isopentenyl). Dashed lines indicate that only indirect evidence or 
theoretical grounds exist for such conversions. (Adapted from K. H. Hall, Ann. Rev. Plant 
Physiol. 24,415-44,1973.) 


(b) Catabolism. When labelled cytokinins are supplied to plant tissues they arc quite 
rapidly degraded by oxidation of the 6-amino bond to cleave the side chain from the 
adenine moiety, following which the enzyme xanthine oxidase can oxidize the purine ring 
to form uric acid and then urea (Fig. 3.6). However, cytokinins may also be converted to 
glucosidcs, especially in leaves, which frequently show high glycosylating activity. The 
glucose is attached to the 7-position of the adenine moiety, to give 7-glucosylcytokinim. 
The function of cytokinin glucosides is not clear. They may represent “detoxification” 
products which are not normally involved in any further metabolic activities, or they may 
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h<;. 3.6. C holism of the naturally occurring cytokinin zca tin. (Adapted from 1). Schlec, H. 
Heinbotlu* and K. Mothes, Z. Pjhmzoiphysiol. 54 , 223-36, I'M.) 


be .1 “storage" form of eytokinins from which the free bases may be released under certain 
conditions. 


ETHYLENE 


Lthylene may appear a curious substance to consider as a hormone. It is a very simple 
organic molecule, contrasting with the more chemically complex gibberellins, eytokinins, 
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auxins and abscisic acid. Moreover, ethylene exists as a gas at normal temperatures. Thus, 
ethylene, it .1 plant hormone, is a gaseous hormone. It can be, and has been, argued that there 
are theoretical advantages to the plant in having a gaseous, diffusible growth regulator in 
addition to other hormones which necessarily move through living cells to reach their site 
ot action. Treatment of plants with very low concentrations of exogenous ethylene has 
many profound effects on their physiological and metabolic activities. However, evidence 
is also accumulating that endogenously synthesized ethylene is involved in the normal con¬ 
trol ot many aspects ot plant growth, differentiation and responses to the environment. 
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It has been known for many years that developing fruits evolve ethylene, and that the 
time of maximum ethylene production by a ripening fruit coincides with the time of the 
respiratory climacteric (the latter term is applied to the large increase in respiration rate which 
occurs during the ripening period ot many fruits, prior to a fall off in respiration as the fruit 
enters a senescent decline). It has been found that exposure of fruits to ethylene results in a 
hastened and enhanced respiratory climacteric with earlier ripening. In fact, ethylene is so 
effective in stimulating respiration that it does so even in fruits, such as oranges and lemons, 
which do not naturally experience a respiratory climacteric. The speeding of fruit ripening 
bv ethylene has proved ot great commercial value in the citrus industry. 

In recent years, however, it has become apparent that we must consider that ethylene has 
much wider physiological significance than its effects in fruit ripening alone would indi- 
cate. In general, it would appear that many effects previously considered to be induced 
directly by auxin may be mediated by an intervening step in which auxin leads to an in¬ 
crease in the formation of ethylene, following which ethylene induces the actual response, 

In those situations where auxin-induced ethylene is responsible tor effects of auxin, it is 
possible to regard ethylene as an intermediate hormone in much the same way that cyclic 
AMP serves as an intermediate in the action ot many animal hormones. Not all auxin effects 
however, appear to involve ethylene as an intermediate. Neither can all effects of ethylene 
be elicited by auxins. Thus, ethylene cannot substitute for auxin in (a) the stimulation ot cell 
elongation in the vast majority of plant species, (b) in promotion of growth in tissue cultures 
and, (c) in inhibition of senescence, ripening and abscission. Similarly, auxin usually cannot 
substitute for ethylene in the promotion of processes such as leaf senescence, abscission and 
seed germination. 

Ethylene can be accurately and sensitively measured relatively easily by use of gas-liquid 
chromatography, and it has been found that rates of ethylene biosynthesis in plant tissues 
vary widely from organ to organ and the stages of their development. In vegetative plants, 
the highest rates of ethylene production occur in most actively growing regions of stems 
and leaves, particularly in meristematic tissues. l or example, in mcristcmatic parts of the 
apical region ot the stem of pea plants, ethylene production has been measured as 0*43 /xl 
hr ~ 1 kg -1 fresh weight of tissue, whereas in older internodcs only 0*04 /xl hr" 1 ethylene 
was produced per kg fresh weight. In general, parts of the plant rich in endogenous auxin 
also produce greatest quantities of ethylene, although senescent tissues usually produce 
relatively large amounts of ethylene and yet are low in auxin content (Chapters 5 and 12). 
Amongst the highest levels of ethylene production in plants are those recorded for ripening 
fruits of some species: passion fruits, for example, can produce 500 /xl kg 1 hr . 


Ethylene Metabolism 


Although ethylene synthesis in fungi appears to take place mainly by the dehydration of 
ethyl alcohol: 

CH 3 -CH 2 OH--*CH 2 =CH 2 + h 2 o 
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this pathway docs not appear to operate in higher plants. Several substances have been 
suggested as precursors of ethylene in higher plants, but research over the past decade has, in 
the main, supported the view that the amino acid L-methioninc is the principal, or perhaps 
sole, natural precursor. Addition of specifically radiolabelled methionine to plant tissues 
has shown that ethylene is formed principally from carbon atoms 3 and 4: 
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Cm i S Ch 2 Ch, - Chnh 2 — COOh ► CHj— S — R + Ch ? = ch 2 +nh 3 +hCOOH+co 2 
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I lowever, despite considerable work on the problem, it is not yet possible to put forward 
a definite scheme to illustrate intermediates in the biochemical conversion of methionine 
to ethylene in higher plants. 

Recent studies by I lanson and Kcnde on ethylene production in scnescing Ipomoca tricolor 
petals (see Chapter 12) have suggested the possibility that the rate of ethylene production in 
these tissues can be regulated by availability of homocysteine to a cellular compartment in 
which methionine is first formed from S-mcthy 1 methionine (SMM) and then is consumed 
in ethylene production according to the following scheme (this illustrates that SMM can act 
as a methyl (—CH 3 ) donor, and that during senescence of the petals the methyl group is 
transferred to homocysteine, to give two molecules of methionine. One of the two-product 
methionine molecules is rcuiethylatcd to SMM, and the other contributes to a nsc in free 
methionine level and hence to increased ethylene formation): 


CHy-SCH-CH-C 
ch 3 COOH 

(SMM) 


CH 3 \CH 5 -S-CH 2 -CHjCH 

COOH 

(Methiom ne) 



(Meth i on i ne) 


From another 
cellular comportment 


(Ethylene) 


Until recently, it was not thought that higher plants possessed a mechanism for degrading 
ethylene. This did not seem incongruous because the case with which the gas diffuses out 
of plant tissue (see p. 65) appears to provide a means for controlling endogenous concen¬ 
trations. In other words, it seemed that the process of control of ethylene concentrations in 
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plants by emanation was analogous in effect to the process of degradation for other growth 
regulators. It has now been shown that in Vida faba (broad bean) ethylene is metabolized 
very rapidly to ethylene oxide. A.though the mechanism and generality of this process is 
not yet known its very demonstration has important consequences. Thus, most assessments 
of rates of ethylene biosynthesis have relied on the assumption that rates of emanation are 
proportional to rates of production (see above, p. 65). Clearly, at any rate in those plants 
which can metabolize ethylene, this assumption, and conclusions drawn from making 
it, are invalid. 


ABSCISIC ACID 

Studies on abscission and on dormancy in buds and seeds (Chapters 11 and 12) during the 
1950s and early 1960s indicated the possible existence of a hormonal plant growth inhibitor. 
The chemical structure of the inhibitor present in fruits and leaves ot cotton plants was 
eventually elucidated in 1965, and in the same year the same compound was isolated and 
identified from buds of dormant Aar pseudoplatanus trees. 

The substance isolated from .deer pseudoplatanus and cotton was named abscisic acid 
(ABA), and proved to be a sesqui terpenoid (p. 57) of the following structure: 



Abscistc acid (ABA) 

(Revised absolute configuration Numbering system for carbon otoms shown) 

The molecule contains an asymmetric carbon atom (1') and therefore exhibits optical 
isomerism. However, only the (+) enantiomorph occurs naturally in plant tissues. Abscisic 
acid also shows geometric isomerism. Stcric considerations demand that the side chain 
always be trans around carbon 5 of the side chain, but the molecule can be either ds~ or 
trans- around carbon 2 of the side chain. Most of the ABA present in plant extracts is in fact 
(-f-)-2-cis ABA, though small amounts of(+)-2 -trans ABA may also be present. By con¬ 
vention, the naturally occurring (~r)-2 -cis form is simply referred to as abscisic acid, or 
ABA. 

Abscisic acid has been isolated from numbers of species of angiosperms, gymnosperms, 
ferns and mosses, but it does not appear to occur m liverworts. However, the compound 
lunularic acid has been identified in at least eight species of liverwort and some algae, and 
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may well play roles in the physiology of liverworts similar to those served by ABA in more 
highly evolved plants, for it is a very potent growth inhibitor and also appears to be 
involved with the mechanisms of dormancy and gemma growth in certain liverworts. 


COOH 



Lunularic ockJ 


Abscisic Acid Metabolism 

Because ABA is a sesquiterpenoid, it seems likely that tiie compound is synthesized in 
plants by operation of the common pathway for terpenoid biosynthesis as far as farnesyl 
pyrophosphate (Fig. 3.4). The feeding of plant tissues with radioactive mevalonatc has been 
shown to result in the formation of radioactive ABA, and overall experimental evidence 
strongly suggests that ABA can be synthesized directly by the reactions of the isoprenoid 
biosynthetic pathway. However, it has also been found that certain naturally occurring 
carotenoids, such as violaxanthin, can be photo-oxidized to yield products that are very 
similar in structure to ABA (Fig. 3.7), and that these breakdown products may be further 
metabolised to ABA. F.ncrgizatioii of the photo-oxidation of carotenoids to ABA-likc 
compounds requires high light intensities, and for this and other reasons it is very unlikely 


H 3 C\ ,ch 3 

X 


HO' 


ch 3 

1 

t; 0 " 

ch 3 


HjCN 


C 

^s. 



ch 3 


ch 3 




(VcloxantNn) 

: phe too xi dot ton 

H 3 C\ ,CH-i 



ch 5 


;o 

HO' ^ CH 3 
(2-Cis-Xonthoxin) 


CHO 


. J> 

^ " ^ch 3 
( 2 - trans - Xonthoxin) 


Fic. 3.7. Carotenoids such .is violaxanthin can be broken down inthe presence of strong light to 
yield products such as xanthoxin which are structurally similar to abscisic acid (AHA). It is 
possible that some oi the ABA in plants arises by the further metabolism of carotenoid break¬ 
down products, although most naturally occurring ADA is considered to be synthesized 
directly by the reactions of the terpenoid biosynthetic pathway. 
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that physiologically important ABA is formed in this way from carotenoids. For example, 
ABA occurs in etiolated plants and, furthermore, rapid rises in AN A levels occur in response 
to water-stress even in dim light or darkness. The principal means of ABA synthesis in 
plants therefore appears to be by direct synthesis from mevalonate via farnesyl pyrophos¬ 
phate, although enzyme-mediated oxidation ot violaxanthin to xanthoxm may also play 
some part in the biosynthesis ot ABA in certain tissues. 

The sites of synthesis ot ABA within plants have not yet been investigated extensively, 
but indirect evidence suggests that most or perhaps all ABA is formed in mature green 
leaves and in fruits. ABA may be translocated from leaves to other regions such as the shoot 
apex and there inhibit growth and perhaps induce the formation ot resting buds (sec 
Chapter 11). There is also experimental evidence which indicates that plastids, particularly 
chloroplasts, may serve as centres of ABA synthesis. 

As endogenous ABA levels fluctuate in relation to changes in growth rate, water poten¬ 
tial and season, then not only synthesis but also inactivation of the molecule must take place 
in plant tissues. Relatively little is known of the factors concerned in the regulation ot ABA 
inactivation, but it has been found that applied t4 C-ABA is rapidly conjugated in plants to 
form the glucose ester of ABA. This ester seems to be quite stable in plants, and possesses 
hormonal activity similar to that of ABA. Degradation ot ABA also occurs, however, the 
earlv stages of which involve hydroxylarion and oxidation of methyl substituents of the 
ring. Work conducted so far on the metabolism of applied 2- 14 C-( j.)-ABA has indicated 
that in tomato exogenous ABA is rapidly converted into its glucose ester and phascic acid, 
but in Phaseolus vulgar is the major metabolites have been identified as phascic acid, dihydro- 
phascic acid, and 4'-epi-dihydrophaseic acid: 



A'-epi -Dihydrophaseic acid ABA-glucose ester 


There is some evidence char phascic acid may have regulatory functions in the physiology 
of plants, for example in the inhibition ot photosynthesis in plants subjected to water 


stress. 
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CHAPTER 4 

Mechanism oj Action of Plant Growth Hormones 


Although almost a century of increasingly intensive research has passed since Darwin first 
recognized that a transmitted stimulus to growth is involved in the regulation of plant 
development, and approximately 50 years since a plant hormone, auxin, was first chemic¬ 
ally characterized, we still do not understand the basic mechanism whereby plant hormones 
exert such large and varied physiological effects. Nevertheless, the voluminous accumu¬ 
lated information concerning the mechanism of action of plant growth hormones has 
served to formulate current views on the mode of action of these substances in molecular 
terms. 

For various historical and practical experimental reasons, research into the mechanism of 
action of plant growth hormones has tended to concentrate upon particular physiological 
responses. As we consider below, for example, studies of the mechanism of auxin action 
have been largely concerned with its role as a regulator of cell extension growth, whereas 
equivalent research on gibbercllins has concentrated on their effects on enzyme synthesis 
and secretion in aleuronc cells of germinating cereal seeds. 

Wc will now consider what is known of the mechanism of action of each of thecatcgories 
of plant growth hormone, drawing appropriately upon information derived from the 
various experimental approaches that have been applied to the problem. 


Relationships Between Molecular Structure and Hormonal Activity 

The identification of indolc-3-acctic acid (1AA) in 1934 as a naturally occurring plant 
growth hormone was followed by investigations to determine just what was “special in 
the chemical structure ot IAA to impart such profound influences on growth and develop¬ 
mental processes. It was hoped that an understanding of this would provide a lead into 
elucidating the mechanism of action of auxins within the cells. Similar considerations have 
more recently been applied to the gibbercllins, cytokimns, ethylene and abscisic acid 
following their discovery. 
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Structure-activity relationships if auxins. The methods of studying rhis problem were 
initially largely empirical, in that many compounds were tested in suitable bioassays to find 
whether or not they possessed any “auxin activity”. Some of these substances did in fact 
produce effects similar to those which IAA itself elicited, even when they were supplied at 
very low concentrations. ()ver the years a very large number of such compounds have been 
found, all of which have been synthesized in laboratories and are, therefore, called synthetic 
auxins. These synthetic auxins do not fall into any one particular class of compound, hut 
despite the diversity of structure shown by the synthetic auxins, verv serious efforts have 
been and still are being devoted to pinpointing exactly what attributes a molecule must 
possess for it to have activity as an auxin. It is hoped that elucidation of the molecular 
requirements for auxin activity will help in an understanding of the mechanism by which 
auxin operates in plant cells. 

The first synthetic auxins found were compounds closely related to IAA (in having the 
indole ring) such as a-(indole-3) propionic acid, a-(indolc-3)-butyric acid and fl-(indole-3)- 
pyruvic acid (fig. 4.1) (which is now known also to occur naturally). 1 lowcver, many other 
synthetic auxins more markedly different in structure from IAA were subsequently dis¬ 
covered, and some of the more active of these, such as 2,4-dichlorophenoxyacetic acid 
(2,4-1)), 2,4,5-trichlorophenoxyacetie acid (2,4,5-T) and 4-chloro-2-methy]phenoxyacctic 
acid (MCPA) (fig. 4.1), are not indole compounds. 


r ii |i 

| CH COOH 

r'' ■ ,j--CH -CH 2 -CH 2 - COON 
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a-(indole-3)-propionic odd y-(mdole-3)- butyric odd 
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/3-( tndole-3)- pyruvic ood 



2,4-dichlorophenoxyocetic acid(2,4-D) 



2,4,5 lrichloroph«r>oxyocetic acid 4—chloro— 2 methyl phenoxyoce tic acid 

(MCPA) 


Fig. 4 1 The chemical configurations of some natural and synthetic auxins. 
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As a result ot comparing the structures ot all rhe then available synthetic and natural 
auxins, in 1938 a list was drawn up ot the general structural requirements of j molecule for 
it to behave as an auxin. Thus, it was said that an active molecule must possess: (i) a ring 
system with at least one double bond present ; (ii) a side chain containing a carboxvl group 
(or group easily converted into a carboxyl-group); (iii) at least one carbon atom between the 
ring and carboxyl group in the side chain; (iv) a particular spatial relationship between the 
ring system and the carboxyl group. Later on, it was thought that another requirement of 
molecules which have activity as auxins is that they must have the ability to form a cova¬ 
lent bond at a position on the ring system ortho to the side chain which terminates in a 
carboxyl group. An examination ot the structures ot the synthetic auxins shown in Fig. 4.1 
will reveal that they all comply with these general requirements, but there are other com¬ 
pounds now known which possess auxin activity and yet do not Lully comply with the 
above list of structural requirements. For example, certain benzoic acid derivatives are 
active auxins (Fig. 4.3), and yet have no side chain. On the other hand, the activity of certain 
tliiocarbamatcs indicates that not even the unsaturated ring is essential, although it is neces¬ 
sary that these latter compounds should have a planar structure. Furthermore, instead of 
the ability to form a covalent bond at the ortho position, it is now known that the require¬ 
ment is that there should be a fractional positive charge at a specific point on the ring 
(p. 75). 

On the assumption that a carboxyl-terminated side chain, and a “free" ortho position on 
the ring system are essential for activity, it was proposed that the basic reaction of an auxin 
within the cell involves two parts of rhe molecule, the carboxyl group of the side chain and 
an ortho position of the ring system. This led to what is called the "uva-point attachment 
theory” for auxin action. The research workers who put forward this theory proposed that 
there is covalent bond (i.e. chemical bond) formation at these two points between the 
auxin molecule and some constituent, possibly a protein, of the cell. The principles of the 
two-point attachment theory and a demonstration of the apparent validity of some of the 
listed structural requirements for auxin activity are clearly illustrated by a comparison of 
some ot a series ot chlorinated phenoxy compounds (Fig. 4.2). 

It is necessary to stress that neither the original list of requirements for auxin activity, nor 
the two-point attachment theory arc now accepted as valid. Clearly, the activity of a 
number of synthetic auxins such as benzoic acid derivatives (Fig. 4.3) cannot be adequately 
explained on the basis of the list of requirements drawn up in 1938 and the two-point 
attachment theory, and several alternative hypotheses have been put forward over the years, 
including “three-point" and “multi-point" attachment theories. I he question is still open 
as to whether the auxin molecule becomes attached to sonic receptor in the cell by covalent 
(chemical) bond formation, or by some form of physical association, though the latter is 
generally considered much more likely. One suggestion, based on studies of the physical 
properties of active molecules, is that van der Waals and electrostatic forces arc important 
m auxin-receptor association. Thus, a comparison of a range of auxins revealed that mole¬ 
cules active as auxins contain a strong negative charge (arising from the dissociation of the 
carboxyl group) which is separated from a weaker positive charge on the ring by a distance 
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(2,4-dichlorophenoxyqcetic ocid) 
Active os an auxin —ottoched 
at both receptor active positions 



( 2,6-dich(oroprienoxyocatic acid ) 
Inactive-due to both ortho positions 
being fitted by chlorine atoms. 



( 2.4 -dichloroonisole) (2,4 -dichlorophenoxy iso- butyric acid 

Inactive-due to absence of a Inactive-spatioI configuration prevents 

terminal corboxyl group in side chain union between receptor octive siteond 

the free ortho position 

l it,. 4.2. I he two-point attachment theory ot ,toxin activity, illustrated by a comparison of 
2,4-dichlorophenoxyacetic acid (2. 4-P) with three inactive analogues. 
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lit:. 4.3. Activity or inactivity as auxins of a series of chlorinated benzoic acid derivatives. 
Note that 2. <>-dichlorobenzoic acid and 2. 4. (wrichlorobcnzoic acid arc active and also have a 
halogen atom at both onho positions. 
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Fit;. 4.4. Some diverse molceules active as auxins. They are, however, similar m the possession 
of a strong negative charge ( ) separated from a weaker positive th.irgc<£ • ) by a distance ot 

5-5 Angstrom units(5-5 AU). From top. indole-3-acetic acid, 2, 4-dichlorophenoxyacetic acid, 
2.5,<>-tnchlorobenzoLC acid, carboxymethy)thitxarbamate. (Itoiii K. V. Ihim.mii, Amt. Rrr. 

Plant Physiol. 14 , 1 IK, 1 l >f>3.) 

of about 5 'S A (Fig. 4.4), and it has been suggested that tins is the essential structural require¬ 
ment for auxin activity. This hypothesis would explain the relative activities of many syn¬ 
thetic auxins, and the differences in the activity of closely related compounds are apparently 
due to the effects of substitution in the ring on the position and size of the positive charge. 
Neither the nature, nor the location within the cell, of the receptor molecule is yet known. 

Thus, the in tensive study which has been devoted to the molecular requirements for auxin 
activity has not yet given any clear indication of the basic mechanism by which auxins 
produce their effects in growth and differentiation. It has, however, led to results of practi¬ 
cal importance in the finding of a number of compounds which have proved of enormous 
value in agriculture and horticulture, such as selective weed-killers, fruit-setting agents and 
rooting-hormones (p. 135). 

Smicttirwctivity relationships ofgibbcrt’Hins.ThcTcUiiimihip between molecular structure 
and biological activity of gibbcrcllins has been less rigorously studied than it has for auxins. 
Reasons for this are: ( 1 ) the shorter time that has elapsed since the discovery of gibberellins 
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than of auxins, and (li) it has so far proved impractical to manufacture any “synthetic 
gibbercliins” due to the complex nature of the gibbane carbon skeleton. 

As stated earlier, over fifty chemically characterized gibbercliins arc currently known. 
All of these have been obtained from natural sources, either from the fungus Gibberella 
fitjikuroi or from higher plants. The structures of gibbercliins A L to A 29 inclusive areshown 
in I ig. 4.5. It can be seen that they are all similar in the possession of the same basic carbon 



Substituents 

C- and D - Rings 


A-Ring 

Carbon 

position 

Group 

X ^ CH2 


OH 



10 

-ch 3 

A| 2„ 





to 

-CHO 

*24 

A|g 



r"V 

10 

- C00H 

a 25 

*17 




n 

-CH,j 
-OH 1 

a h 

- _ - 

A.8 


c 


r? 

-CHO | 
-OH / 


*23 


OJ 

a> 

-Q 


n 

-COOH1 
-OH ) 

Ais 

*28 


6 

O 

OJ 

0 — CHj 

- 


*15 



1 

0 

Ojl 

CH S 

3,16 

-OH 

*27 





— 

— 

*9 

A jo 

*10 


0 

3 

-OH 

A 4 

A, 

a 2 



2 

-OH 


*29 



fc-oT 

3,1 

-OH 

A,6 





3; 2 

-OH 


As 



CM S 

3.2 

12 

-OH 
= 0 

*26 




(£ 

_SQQH_ 

- 

- 


*21 


c 

_ 

3 

-OH 

a 7 

*3 


w 

XJ 

a 

6 


4 

-ch 3 


*5 


21 

1 

4 

-ch 2 oh 


*22 


0 


- 

- 


*6 

1 -- 




- 

*m 





Fie,. 4.5. A summary showing the range of chemical structures and chemical relationships in the 
first twenty-nine gibberellins to be isolated and characterized. (Adapted from L.J. Audus, Plant 
tiroii'di Substances, Vol. 1, Chemistry and Physiology, 3rd ed., Leonard Hill, London, 1972.) 
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skeleton. The structural differences between them lie principally in the number and distri¬ 
bution of hydroxyl (—OH) groups, and the degree of saturation of the “A” ring. Present 
knowledge allows us to assume that for a molecule to behave as a gibberellin it must have a 
structure similar to that of known naturally occurring gibberellins. On the other hand, a 
naturally occurring diterpenoid in plants called steviol, which does not have the gibbane 
carbon skeleton, has been found to have some slight growth-promoting properties similar 
to those of gibberellins. However, this is probably due to conversion of steviol by plant 
enzymes to an active form, rather than to its having hormonal activity itself, 

OH 

xj i'll, 

( H : V v • 


ui, boon 

Steviol 

It should be noted that not all of the known gibberellins arc equally effective in stimulat¬ 
ing growth. In fact, their activity when tested with different species and varieties of plants 
can be used as a means of distinguishing between different gibberellins. A good example of 
this is seen in their effect oil the growth of dwarf mutants of maize (Zea mays). In maize 
there arc a number of mutant genes, the presence of any one of which results in a dwarf 
habit of growth. Certain gibberellins have been found to promote the growth of some 
dwarf mutants, while others are effective with other mutants. It has been suggested that 
the primary effect of the mutant genes in maize is on the levels of endogenous gibberellins, 
by interfering with different steps in the biochemical pathway leading to a gibberellin 
necessary for normal growth. In the case of the d-5-mutant variety of Zca mays , it has been 
found that rio-kaurcnc is formed (instead of kaurene, see Fig. 3.4) and that the plant is 
unable to metabolize this to gibberellins. 

Structure-activity relationships of cytokinins. As wc considered earlier in this chapter, the 
important known natural cytokinins are all substituted adenine compounds that possess 
side chains of five carbon atoms attached to carbon-6 of the adenine moiety. Systematic 
studies of many 6-substitutcd purines have revealed that where the side chain docs not con¬ 
tain a ring system, the optimum number of side chain carbon atoms is five. Increasing or 
decreasing the size of the aliphatic side chain reduces physiological activity of the cytokinin, 
but docs not necessarily abolish it completely. Thus, lengthening the side chain to contain 
as many as ten carbon atoms (e.g. 6-decyIaminopurinc) docs not completely remove activi¬ 
ty. A further feature of the side-chain requirements is chat the presence of a double bond in 
the aliphatic side chain usually increases cytokinin activity. 

The range ot molecules which, though not naturally occurring as cytokinins in plants, 
do possess cytokinin activity is very large indeed. We have previously mentioned synthetic 
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cytokinins such as kinctiu and benzyladetiinc (p. 61) that contain ring systems in their side 
chains. Some of these synthetic cytokinins arc at least as, or even more, active than naturally 
occurring cytokinins. Benzyladenine, for example, is more active than even zcatin (the most 
potent of the natural cytokinins) in some types of bioassay. 

Generally speaking, any modifications made to the adenine ring result in reduction in 
activity as a cytokiiiin. Thus, riboside or ribotide derivatives of cytokinins (p. 62) arc less 
active than the free cytokinins, and various other types of attachment or substitution in the 
adenine ring always reduce, if not actually remove completely, hormonal activity. How¬ 
ever, some 1-substituted adenine compounds have been found to have cytokinin activity, 
but it is possible that this results from enzymatic conversion to the 6-substitutcd active 
forms in plant tissues. 

Exceptions to the general rule that cytokinins arc 6-substitmed adenine compounds are 
seen in a number of phenylureas and the related biurets. Although the pheuylureas are very 
much less active than the subsequently discovered purine cytokinins, several hundred 
com pounds of this type do possess cytokinin activity, among the most active of which is 
elilorophenylphcnylurca. The minimum requirements for activity in the phenylureas arc the 
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—NH—CO—NI1— bridge and a planar phenyl ring. At first sight it is difficult to recog¬ 
nize what structural features these compounds have in common with adenine derivatives, 
but one is the —N —C - -N— linkage, of which adenine derivatives have four and the 
ureas one. The six-men bored pyrimidine ring of adenine may be analogous to the phenyl 
ring of the ureas and active biurets (e.g. fhiorophenylbiuret, above) and the amino nitrogen 
of the purine analogous to a meut substituent (e.g. Cl) in phenylureas. 

It can be seen, therefore, that studies of the structure-activity relationships of cytokinins 
have revealed a situation essentially the same as that derived from similar work on auxins, 
in that a quite bewildering array of compounds are seen to have the capacity to influence 
growth and differentiation in the manner of cytokinins. This has, so tar, prevented any 
meaningful conclusions being drawn as to a possible receptor site for the initial action of 
cytokinins. 

■Sfrjumre-drMi'jry studies on ethylene analogues. Ethylene, CH 2 = C H 2 , is a small unsaturated 
hydrocarbon, and the physiological activities of a series of ethylene analogues have been 
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compared with those of ethylene itself. None of the analogues possesses activity as great as 
that of ethylene, whether the comparison is based on concentrations in parts per million 
(ppm) or molarity. On a ppm basis, for example, propylene, CH 3 —CH=CH 2 , has acti¬ 
vity only about 1/100th that of ethylene; acetylene, CH ;CH, less at 1/2800th (except in 
the case of the induction ot flowering in pineapple, where for unknown reasons acetylene 
can be as active as ethylene); and allene, CH. 2 =C=CH 2> even less at l/29000th ethylene 
activity. 

Carbon monoxide, C—O, has effects on plants similar to those elicited by ethylene, but 
with only approximately 1/2700th the potency ot ethylene itself Carbon dioxide mav act 
as an antagonist to ethylene action in plants, and this is possibly because CO a is a close 
structural analogue of allene and carbon monoxide but nevertheless lacks certain molecular 
characteristics which arc essential tor ethylene action. Thus, CO a may compete with 
ethylene for the active receptor sites for ethylene action in plants, and the physiological 
response ot a tissue to a given concentration ot ethylene is determined by, among other 
factors, the prevailing concentration of CC) 2 in the tissue. 

The characteristics that a molecule must show to allow' it to function, however weakly, 
as a substitute tor ethylene were summarized as follows by liurg and Burg in 1%7: 

(1) The molecule must be unsaturated. A double bond confers more activity than a triple 
bond, and single-bond compounds are inactive, 

(2) Activity decreases with increasing chain length. 

(3) Substitutions that lower the bond order of the unsaturated position by causing elec¬ 
tron delocalization reduce biological activity, although stcric factors are also impor¬ 
tant. Thus, the nature ot the substituent can affect activity by influencing both 
electron density in the double bond and overall size and shape of the molecule. 

(4) The unsauirated position must be adjacent to a terminal carbon atom. 

(5) The terminal carbon atom must not be positively charged. 

These structural features, derived from studies of the varying degrees of physiological 
activities shown by ethylene and ethylene analogues, together with the known antagonism 
to cthvlcnc action shown bv carbon dioxide, do not help us to decide the nature of the 
initial receptor site for ethylene, nor the type of bonding involved in linking hormone and 
receptor, except that ionic and hydrogen bonding seem unlikely, I lowever, various other 
experiments have yielded results that indicate that ethylene may be bound to its site of 
action by means of weak van der Waals forces, rather than by covalent or co-ordination 
bonding. The effects that ethylene can have on secretion ot materials from plant cells lends 
support to the view that cell membranes may contain the sites of ethylene binding and 
initial action. 

Abscisic acid structure and physiological activity. The natural ( r), and synthetic (—), optical 
enantiomers of ABA have equal activity on plants, but only the 2-cis geometric isomer 
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possesses hormonal activity (see p. 67 for an account of isomerism in ABA). Plant extracts 
have been found to contain only traces of the 2 -tram isomer, and it is likely that even these 
small amounts are formed by isomeration of the natural 2 -(is isomer during extraction and 
purification procedures. It therefore appears that only the 2-cis form of ABA will fit an 
unknown receptor site in cells. Studies of ABA analogues have not, so far, been successful 
in further defining molecular requirements for ABA-like physiological activity, except 
that the ring double bond appears essential for activity. 


Direct Evidence for Hormone Binding to Cell Constituents 

The previous section considered h< nv studies of the biological activity of plant hormones 
and their analogues have not yet yielded any clear idea as to the natures of hormone recep¬ 
tors in plants. Nevertheless, as we saw, activity in each class of plant hormone is determined 
by structural and often stereospecific properties of the molecules. It is therefore reasonable 
to consider it probable that there exist receptor molecules able to recognize subtle differ¬ 
ences between natural growth hormones and their analogues. Many scientists feel that 
plant hormone receptors are probably proteins, because of this capacity for recognition of 
appropriate hormone structure. Such a view is supported by research in animal endocrin¬ 
ology, where several specific proteinaceous receptors for steroid hormones have been iso¬ 
lated and characterized. 

None of the attempts made to date have succeeded in unequivocally identifying a plant 
hormone receptor. Most of such work lias concentrated upon the possibility of isolating 
protein receptors. Various approaches to the problem have been made, mainly using radio- 
isotopically labelled hormones of high specific activity. One method has been to supply the 
radioactive hormone to plant tissues, and to subsequently homogenize and fractionate the 
cell constituents by centrifugation or gel filtration, in the hope that radioactivity will be 
found to be associated with a particular cell fraction. Another has been to apply the labelled 
hormone to various cell tractions, such as nuclei, isolated chromatin material and membrane 
fractions, with measurement of the affinity for binding between these and the hormone. 
Thirdly, attempts have been made to localize radiolabcllcd hormones within cells by auto¬ 
radiographic methods. Reasons tor the failure to isolate a proteinaceous receptor for any of 
the plant growth hormones are not at all certain. It should be mentioned that a number of 
pieces of research have yielded results suggesting that receptor proteins for evtokinins and 
gibbcrellins are present in plant cells, but their existence is by no means proven. 

It has been recently pointed out by Kendo and Gardner that some features of the action of 
plant hormones indicate that they may be significantly different from animal steroidal 
hormones with respect to their association with receptor sites, and that it may therefore be 
incorrect to assume the existence of proteinaceous hormone receptors in plant cells. The 
dose-response curves for plant hormone action characteristically show that their effects 
vary over a very wide range of concentration (typically over some four or five orders of 
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magnitude) which contrasts with tlu* much more restricted effective concentration range 
for animal hormones. Comparisons of hormone dose-response curves also suggest that 
whereas the binding of an animal steroid hormone to its receptor fits Michaehs-Menten- 
type saturation kinetics, the binding ol plant hormones do not, which in turn poses the 
possibility that plant hormone receptors are not specific proteins. If the receptors are not 
proteins, then one can only guess as to their possible nature. However, experiments referred 
to below have indicated that the primary point ot plant hormone action lies in cell mem¬ 
branes, so that it appears to be a property ot certain plant cell membranes to serve as specific 
receptors for growth hormones. Although one must recognize our current ignorance of the 
molecular mechanisms involved, it is of course possible that protein receptors may be 
located in cell membranes. 


Mechanism of Action of Auxin in Cell Extension 

For the past decade or so two major concepts have existed as to the initial site ot auxin 
action, both of which have been derived from studies ot auxin-regulated cell extension 
growth in coleoptilcs, stems and hypocotyls. One ot these concepts centres upon the cell 
wall as the site of auxin action while the other focuses upon effects ot auxin on nucleic acid 
metabolism. To a large extent the work on cell walls and on nucleic acids has been per¬ 
formed by separate research groups, and it is only recently that information and the con¬ 
cepts that have evolved from these parallel studies arc beginning to be brought together to 
formulate a clearer and more detailed picture of the mechanism ot action of auxin. A third 
line of investigation of the problem lias been the examination of various effects of auxin on 
cell membrane properties, and results of these studies, too, are now being related to what is 
known of the effects of auxin on nucleic acid metabolism and cell wall properties. 

Like either developmental processes, cell extension growth involves sequential changes in 
levels and/or activity of enzymes. In the light of current knowledge of the role of nucleic 
acids in directing the course of protein synthesis, it seems reasonable to consider the possi¬ 
bility 7 that auxins act by influencing nucleic acid metabolism. As early as 1953 it was reported 
by Silbcrger and Skoog that auxin-promotion of growth in tobacco pith callus in aseptic 
culture was preceded by a proportional increase in RNA level in the cells, and that the 
maximum measured increases in both RNA and growth occurred in response to the same 
concentration of IAA. Since this first observation of an effect of auxin on RNA synthesis, 
numerous other reports have appeared demonstrating positive correlations between 
growth and auxin-enhanced growth on the one hand, and rates of RN A synthesis on the 
other. Many of these experiments have involved the use of various inhibitors of protein 
synthesis. These inhibitors block certain steps in the synthesis of nucleic acids and protein 
(c.g. actinomycin D which blocks formation of RNA in DN A-dcpcndent RNA synthesis, 
and cycloheximide which acts at ribosomal level by inhibiting assembly or proteins). For 
example, Fig. 4.6 shows that the capacity of exogenous auxin to enhance extension growth 
is inhibited by actinomycin D to the same extent that RNA synthesis is suppressed. 



82 


The Control of Growth and Differentiation in Plants 



fin. 4.6. Auxin-induced growth and RNA synthesis arc similarly inhibited by various concen¬ 
trations of artinomyrin I). Soybean hypocotyl segments were pretreated for 4 hours with the 
indicated concentrations of actinomycin I) prior to the addition of 5 > 10~ ft M 2,4-dichloro- 
phenoxyacetic acid (2,4-1), an auxin). RNA synthesis was measured by incorporation of 
( M C!)-A1)P over the 4-hour growth period. (Adapted from J. L. Key tt at., Ann. N. V'. Acad. 

Sci. 144 , Art. I, 49-62, 1967.) 


I )ata such as these certainly imply that continued auxin-produced growth involves RNA 
and protein synthesis. More direct evidence that auxin can indeed stimulate RNA synthesis 
has come from experiments using isolated, cell-free, nuclei or chromatin preparations. 
Such experiments involve incubation of the isolated nuclei or chromatin with RN A-precur- 
sors (ATP, CTP, GTP and UTP) that arc radioisotopically labelled. Newly synthesized 
RN A can therefore be measured in terms of incorporated radioactivity. Although available 
data from these experiments is incomplete, it seems clear that auxin treatment does increase 
the capacity for RNA synthesis in isolated nuclei and in chromatin preparations. However, 
these effects of auxin occur only when the cells arc exposed to auxin before isolation of the 
nuclei or chromatin. This suggests that the initial site of auxin action is located outside the 
nucleus and that auxin does not act directly at the transcriptional level of control. 

ft is clear then that auxin can affect enzyme levels through an influence on RNA synthesis 
(the effect could be to increase total RNA and/or to bring about the formation of qualita¬ 
tively different RNA). Furthermore, it is possible that auxin could affect enzyme activity 
more directly and immediately, by affecting enzyme release or activation. By whatever 
means auxin influences enzyme levels and activities in plant cells, attention is naturally 
concentrated upon those enzymes that may be thought to be closely involved in cell 
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enlargement processes. Plant cells are surrounded by a cell wall, and cell growth can occur 
only if the properties of the wall are changed in such a way as to permit expansion of the 
protoplast. This basic fact of plant c ell growth has logically led to an examination of the 
possibility that auxin affects wall properties, perhaps by influencing the synthesis of en¬ 
zymes concerned in cell wall mechanical properties and in wall growth. For the remainder 
of this section we will consider the relationship between auxin action and the cell wall, and 
see how studies of this have helped towards a general understanding of the regulation of 
growth by auxin. 

As wc saw in Chapter 1, all plant cells, with the exception of those which remain perma¬ 
nently nierisremaric, pass through two phases in their cycle of growth; these aredivision and 
enlargement resulting from vacuolation. The coleoptile of an oat seedling illustrates this 
pattern in a clear manner, since all cell division ceases when it is about 10 mm in length and 
all subsequent growth is entirely due to the enlargement of existing cells. Hence, when we 
studv the effects of auxin on the growth of coleoptile sections (p. 48), we are essentially 
dealing with hormonal effects on cell extension. During cell enlargement, due to vacuola¬ 
tion, irreversible plastic stretching of the cell wall takes place. It is, therefore, tempting to 
consider that cell vacuolation is a consequence of a softening of the cell wall, for this would 
inevitably lead to an influx of water into the protoplast for the reasons given in Chapter 1 
(p. 5-7). Many experiments have revealed that auxin increases the plasticity of the cell walls. 
This can be shown by increased plastic deformation of plant organs treated with auxin 
following the application of a mechanical force (Fig. 4.7). The possible physiological signi¬ 
ficance of auxin effects on cell wall plasticity is increased hv observations that there is a 
positive correlation between the effects of different auxin concentrations on promotion of 
elongation growth, and on cell wall plasticity (Fig. 4.8). 

During cell enlargement, the cell wall not only stretches, but it also increases in thickness 
by the deposition of new cell wall material (p. 8). This cell wall growth is stimulated by 
auxin, and can occur even when cell enlargement is completely suppressed by various 
means (c.g. by surrounding the tissue with a hypertonic solution of mannitol). 

The type of results shown in Fig. 4.7 indicate that cell walls show viscoelastic extension, 
that is, an initial rapid extension followed by a further slower extension (termed creep ). 
However, living cells may elongate at a constant rate for a considerable time and it is thus ac¬ 
cepted that growth proceeds by a series of viscoelastic extensions driven by the turgor pressure 
of the cell sap. Moreover, whereas cell walls derived from living tissue treated with auxin 
give the type of response shown in Fig. 4.8, isolated cell wall material docs not respond in 
this way. This has led to the proposal that auxin docs not act directly on the cell wall but 
rather that it controls certain events in the protoplasm w hich result in a change in the prop¬ 
erties of the cell wall. What are these events which arc so influenced? border to understand 
tbs we must consider briefly the structure and physical properties of primary cell walls. 

As wc saw in Chapter 1 the walls of young growmg cells consist of interwoven chains of 
cellulose microfibrils embedded in a dense matrix of nonccllulosic polysaccharides (of 
several different types) and protein. These components make up approximately 20 per cent 
by weight of the wall, the remaining 80 per cent bemg water. In general, one can regard the 
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I'M;. 4.7. Udatiomhips between extension and time for three contrasting types of materials. 

A. An elastic material such as rubbcr(thc molecules of which arc bonded together by exten¬ 
sive crosslinks) shows nearly instantaneous extension followed by no further increase with time, 
but the extension is fully reversible upon removal of the imposed force which caused the exten¬ 
sion. 

l\. Where only few crosslinks or entanglements are present between the molecules, as in short- 
chain plastics, then irreversible extension occurs by viscous flow which is directly proportional 
to time. 

{In the case of materials such as the primary walls of plant cells, which contain polymers of 
varying lengths and degrees of crosslinking, the extension is ot an intermediate type called a 
viscoelastic extension, in which a certain amount of instantaneous extensiun occurs initially but is 
followed by a period of slower and continuous extension at a rate which is nearly proportional 
to the logarithm of time: the time-dependent component of viscoelastic extension is known as 
“creep". In tact, the instantaneous part of viscoelastic extension is just the creep which occurs 
too rapidly to be measured, so that there is no fundamental difference between the two compo¬ 
nents. V isooeleastic extension may be either partially or completely reversible, depending on the 
previous history of the material under test. When subjected to mechanical stress tor the first 
time, recovery behaviour is as illustrated in C for plant cell walls—part of the viscoelastic 
extension can be seen to have been elastic and part plastic in nature. Treatment with auxin in¬ 
creases the plastic component of total extension. Subsequent extensions, provided that the 
maximum length reached in the first extension is not exceeded, are entirely elastic, and this 
change in behaviour is termed mechanical conditioning. Note, however, that the extension 
pattern for plant cell walls illustrated in C applies only to dead tissues. The walls of living cells 
extend by a continuous series of such viscoelastic extensions, so that extension may proceed at a 
steady rate for a considerable period of time. 
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Aunr>(lAA)coric«nffotion, motor 

Fig. 4.H. Positive correlation between effects of auxin (I A A) on cell wall plasticity (measured 
by plastic bending) and on elongation in theoat colcoptile.(From J. Uonner. Z. Schwas. Fern i*. 

30, 141 -S*), 1%0.) 

cell wall as being analogous in structure to stecl-reiniorccd concrete or glass-fibre-rein¬ 
forced plastic, the cellulose microhbrils acting as the reinforcing element, and the non- 
ccllulosic matrix serving as the stabilizing component. The cellulose molecules within the 
microfibrils are held together by hydrogen bonding whereas the components of the matrix 
—both polysaccharides and protein—appear to be connected by covalent bonds. In dicoty¬ 
ledons at least it appears that hydrogen bonding also occurs between microfibrils and 
matrix and that the matrix polysaccharide involved is a xyloglucan (a polysaccharide with 
a 4 linked glucan backbone as in cellulose but also with frequent xylose side chains 
and occasional galactose, fucose and arabinosc units attached). The cell wall protein is 
unusual in that in addition to amino acids it contains a very high proportion of the imino- 
acid hydroxyprolinc (Fig. 4.9a). Each hydroxyproline unit in the protein is glycosidically 
connected to an arabinosc chain four units long (termed a tetraarabinoside) which is not, 
however, connected to the rest of the matrix (Fig. 4.9b). The polysaccharides of the matrix 
appear to be linked to the wall protein via the serine residues of the latter. 

As in the man-made structures mentioned above, so in the cell wall the mechanical pro¬ 
perties are the resultant of interactions within and between the microfibrillar and matrix 
components. It follows, therefore, that auxin must in some way affect these interactions. 
Now it is known that although cell extension requires continued protein and KN A synthe¬ 
sis and respiration, nevertheless if auxin is applied to stem or colcoptilc tissue the growth 
rate increases after a ‘‘lag” of a matter of a few minutes (Fig. 4.10) which makes it unlikely 
that growth is accelerated by changes in the rates of transcription or translation, but rather 
that auxin is affecting some “pre-formed” system. It is also well established that marked 
changes occur in the polysaccharides of the wall in response to auxin treatment and indeed, 
as shown above, it is difficult to conceive how the mechanical properties of the cell wall can 



86 


The Control of Growth and Differentiation in Plants 


H 

H |\K H 

H 'j- \ COOH 

H H 

4a) 



Fit;. 4.9.(a) Structure of hydroxyproline.(b) Glycosidic linkage of hydroxy prolinc to arabinose. 
Mach hydroxyprnline unit in cell wall protein is connected in this manner to a tctraarabinosr 
molecule (i.e. four joined arabinose units). 



Time (min ) before and after 
oddition of IAA 

Fu;. 4.10. The rate of response of excises! pea-stem segments to 10 " 5 M IAA. The elongation 
growth rate of two batches of segments are shown, and it can be seen that treated segments 
commenced elongating at a more rapid rate after a lag period of about 10 minutes after appli¬ 
cation of the auxin. (Adapted from Pauline Penny, .Vic ZealandJ. Bot. 7 , 29-301, 1969.) 
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be altered without changes of this nature. It seems that since such changes involve the mak¬ 
ing and/or breaking of covalent bonds then it is likely that enzymes are involved. In the 
past many workers have attempted to define what changes occur in the polysaccharides of 
the wall and whether these changes arc correlated with variations in enzyme activities with¬ 
in the wall. 

These efforts have not on the whole been conspicuously successful, principally because 
the exact structure of cell wall matrix polysaccharides, and how they were interconnected 
was unknown. This made interpretation of such work very difficult indeed. However, 
recent work has given us a much clearer picture of cell wall structure and armed with this 
knowledge and some new experimental techniques a number of new hypotheses have been 
advanced. These hypotheses have been greatly influenced by another recent finding, 
namely that incubation ofcolcoprilc or etiolated stem tissue at low pH (around 3*0) results 
in extension growth {termed the “acid growth effect”) which in the short term at least is 
similar to that shown by exposure to auxin but without a significant “lag” phase. This led 
to further work which showed that auxin appears to promote the secretion of H + ions 
(protons) by stem or colcoptile tissue resulting in a lowering of the pH of the wall. The 
kinetics of the acid-growth cflect arc very similar to those of growth stimulation shown by 
auxin-treated tissue. These findings would certainly account for the observed requirement 
for respiration mentioned above since ion “pumps” and charge separation arc features of 
this process. The hypothetical proton-pump is generally assumed to he located in the plasma 
membrane (Fig. 4.11). 

If we accept that this phenomenon represents the mode of action of auxin in increasing 
growth rate then three further questions present themselves: (1) How does auxin promote 
H 4 ion secretion? (2) Why arc RNA and protein synthesis required for extension growth? 
(3) How docs changing the pH of the cell wall alter its properties? 

The answer to the first question is quite unknown and much further work is needed 
before a solution is likely to present itself. As regards protein and RNA synthesis the ques¬ 
tion docs not really arise if wc distinguish between the induction of increased growth and its 
continuance once induced. Thus, although there is no sound evidence that the induction of 
growth requires RNA and protein synthesis, continuance of normal cell growth requires 
that the wall must not only change its mechanical properties but much synthesis of new 
wall material must also occur—this is clearly so because cell walls do not become thinner 
as they extend. Thus a continuous supply of biosynthetic and hydrolytic enzymes is neces¬ 
sary and this probably involves both RNA and protein synthesis. Indeed it appears that the 
amount and/or activity of such enzymes—cellulose synthetase for example—is increased by 
auxin treatment, although this occurs sonic time after the promotion of growth; con¬ 
versely, such changes are often suppressed if growth is inhibited even though auxin is 
present. 

No firm answer is yet available to the third question but clearly H 4 ions could act in two 
obvious ways, namely by breaking acid-labilc bonds directly or by making conditions 
more favourable for various enzyme mediated modifications of the wall, c.g. by changing 
the pH of the wall so that it is nearer the pH optimum of some critical cnzymc(s). Thus, it 
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ho. 4.11. Ougrant to illustrate the hypothetical scheme of auxin (1 A A) action as an effector of a 
membrane-bound proton (I! *) pump. I he pump is envisaged as containing ATPase, and being 
active m pumping 11 f ions trom the cytoplasm into the cell wall only when IA A is present. The 
secreted H * ions could cause breakage of hydrogen bonds that link together xylogluean poly¬ 
mers and cellulose microtibrils. When the wall is under tension (cell turgor pressure) this would 
result in a creep of the xylogluean along the microfibril and thus give wall extension and cell 
enlargement. (Adapted from 1\ J. Davies, 77/e fleru/nY.i/ KcnYie, 39 , 139-71, 1973.) 

lias been suggested that the bond linking the non-cellulose polysaccharides and the cell 
wall protein may be directly broken at low pH, but no firm evidence has been adduced to 
this end. It the process is enzyme controlled, the xylogluean component of the matrix in 
dicotyledons may be the critical component. It has been shown auxin influences the “turn¬ 
over” of xylogluean more markedly than it does of other polysaccharides. That is, both 
breakdown and synthesis of this molecule are accelerated by auxin. Moreover, this effect 
occurs very rapidly in response to auxin treatment. As we showed above, the xylogluean 
appears to interact with the microfibrillar component of the wall and a change in this 
interaction would be expected to affect wall properties. At present, much work is being 
done to identify the cnzyme(s) responsible for this increased turnover. 

Finally it should be emphasized that whereas the above hypothesis is feasible for dicoty¬ 
ledons, monocotyldeons do not appear to possess xvloglucans and hence another mechan¬ 
ism is called for in their case. 

Thus, the mechanisms involved in plant cell wall growth are gradually being elucidated, 
and the role of auxin in the overall process is beginning to be understood. However, it 
should be remembered that although cell enlargement is in many respects the most charac- 
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teristic result of auxin action, it is by no means the only one, nor even necessarily the first to 
appear. Thus, auxin can induce rapid inc reases in the rates ot respiration and ot protoplasmic 
streaming. Also, a number ot responses to auxin do not immediately involve cell vacilla¬ 
tion (e.g. cambial division, root initiation, and correlative inhibition of axillary buds). In 
other words, although auxin mav induce a rapid increase in the rate of cell-wall loosening, 
this does not necessarily represent the primary, or only, point ot auxin action. Finally, it 
should be mentioned that not only auxins, bur also gibberellins induce cell-wall loosening 
in situations where gibberellins promote cell elongation. It is only recently that this wall¬ 
loosening effect of gibherellin has been unequivocally demonstrated, and very little work 
has vet been done to compare auxin and gibherellin effects oil cell-wall growth. 


Mechanism of Action of Gibberellins 

Research into the mode of action of gibberellins has been greatly helped by discoveries 
that the levels of activity of certain specific enzymes can he affected by the amount of 
gibherellin present. Enzymes whose activities are increased by gibberellins include x- and 
jS-amylasc, protease, and ribomiclease in germinating barley seeds; and nitrate reductase 
and ribulose diphosphate carboxylase in leaves ot some species. In sugar-cane stems, on the 
other hand, gibberellins appear to inhibit synthesis of invertase and peroxidase. These regu¬ 
latory effects of gibberellins on known enzymes have permitted studies ot their hormonal 
action in very much simpler systems than that ot cell extension growth which has served as 
the model for auxin action. Of particular interest is the question whether gibherellin regu¬ 
lation of the level of cnzvine activity results from a specific alteration of RNA-directed 
protein synthesis. 

The most studied example of an enzyme whose level of activity can be controlled by 
gibherellin is x-amy lase in barley seed. As we consider later (p. 278), x-amylase is not present 
in the drv, unimbibed, barley seed, but appears in and is secreted from alcurouc layer cells 
in response to gibberellin transmitted from the germinating embryo. Alcurouc tissue iso¬ 
lated from ungerminated barley seed contains only traces ot x-amylasc activity, but incu¬ 
bation of aleurone pieces in gibberellin solutions results in a very marked increase in the 
amount of x-amvlase activity after a lag phase of at least 8 hours (Fig. 4.12). Stimulation by 
gibberellin ot the appearance of x-amylasc activity is prevented it inhibitors of the synthesis 
of RNA and protein are included in the incubation medium ot the aleurone layers, which 
suggests that gibberellins may regulate x-amylasc activity through effects on RNA synthe¬ 
sis. Also, an inhibitor of RNA synthesis such as actinoniycin-D has greatest inhibitory effect 
during the first few hours after gibberellin is added, whereas a protein synthesis inhibitor 
such as cyclohcximidc continues to inhibit the appearance of x-amylasc activity after the 
initial lag phase. Results such as these indicate that for x-amylase to appear in the aleurone 
cells in response to gibberellin, conditions must permit the process of RN A synthesis during 
the lag phase, but that thereafter x-amylase synthesis can continue using the RNA already 
formed as template (i.e. the x-amylase m-RNA appears to be long-lived). 

Evidence that the x-amylase induced by gibberellin arises as a result of de novo enzyme 
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I k;. 4.12. Time course of enzyme ( 2 -amylasc) release from isolated barley aleurone layers 
incubated in media containing 10 <! M GA ;t ( < (»A a ) or no gibbcrcllin ( • GA :J ). Not until 
layers after K to 12 hours incubation do measurable quantities of enzyme appear, and the stimu¬ 
latory effect ol gibbcrelliu become dear. (From K. M. Hailey, I. I). J. Phillips and 1). Pitt, J, 

Hot. 27 , 324-36, 1976.) 

synthesis was provided during the late 1960s. I 11 1967 Filner and Varner provided conclusive 
evidence that < 1 // the a-amylase produced in response to GA a treatment is synthesized de 
Htuv from amino acids. They obtained this proof of the effect of GA a on enzyme synthesis 
by use of density-labelling techniques. Bariev aleurone layers were incubated with GA 3 , 
together with either normal water (H 2 C 16 ) or water containing the heavy isotope of 
oxygen (H a O lB ). The natural storage proteins in the aleurone cells were thus hydrolysed 
during protease action in the presence of either H 2 Q 16 or H 2 O ie , resulting in the formation 
of O 1 Containing or 0 18 -labelled amino acids. The latter, heavy-isotope containing, 
amino acids are said to be density labelled, and proteins formed from them will also be 
density labelled (i.e. they will be heavier, or more dense) than proteins formed from O 16 - 
eontaining amino acids. Following ultraccutrifugation of enzyme extracts, Filner and 
Varner found that a-amylasc formed in GA ;r treated aleurone cells incubated with H 2 0 18 
was of about the theoretically expected 1 per cent greater density than a-amylase from 
1 l 2 0 1H -incubated aleurone cells (Fig. 4.13), which demonstrated that all of the induced 
a-amylasc was newly synthesized from amino adds during incubation with H 2 O ia . 

There seems little doubt, therefore, that gibberellins are able to stimulate the synthesis 
ot a new RN A species (perhaps a mcssengcr-RNA) that is required for the formation of an 
enzyme such as a-amylase. However, it is now known that GA 3 stimulates the level of 
a-amylase activity in barley aleurone cells Ih'forc a rise occurs in the rate of RNA synthesis, 
which suggests that the first responses of aleurone cells involve the release of preformed 
enzyme and that only after this has occurred docs the stimulatory' effect ot GA 3 on the 
synthesis ot a-amylase become important. In tact, it is now generally considered that the 
earliest effect ot gibberellins in the barley aleurone system is to influence various membrane 
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systems already existing in the cells. The effects of gibberellin on membranes of the alcurone 
cells have been found to include: (a) an increase in membrane synthesis (particularly rough 
endoplasmic reticulum), (b) stimulation of formation of hydrolytic enzyme-containing 
vesicles and microbodies from the endoplasmic reticulum, and (c) promotion of the secre¬ 
tion of x-amylascout through the plasma membrane. In addition, experiments on “model” 
(artificially made) membrane systems have revealed that («A ;t increases their permeability 
to both uncharged molecules such as sugars and to inorganic ions. 



p 


Fu;. 4 . 13 . Evidence from “density-labelling” that the entire a-amylasc molecule is synthesized dt 
from amino acids in barley alcurone cells in response to gibberellin treatment. The graphs 
show the distribution of a-amylasc on a CsC.i density gradient (p density). Above: Coinci¬ 
dence of densities of x-amylasc torined in presence of HjO 18 (' j - ')) and tritiated ( 3 H) 

marker a-ai»vhsc (0 - 9 ). Below: Greater density of a-amylasc formed in presence of 

H 2 0 18 { - C) compared with the marker a-amylasc of normal density (0 -#). 

(Adapted from P. Filner and J. Varner, Proc. Sat. Acad. Sci.. 58, 1520—6, 1967*) 

Taken all together, these various observations indicate that early effects of gibbcrcllins 
involve quantitative and qualitative changes in certain membranes and membrane systems 
in the cell. It seems likely that at least some of these effects on membranes precede the stimu¬ 
lation of RNA and protein synthesis. For example, synthesis of the important membrane 
phospholipid, lecithin, is increased with 2 hours of GA 3 treatment in alcurone cells. Thus, 
the mechanism of action of gibbcrcllins appears to be similar to that of auxins insofar as both 
these categories of growth hormone appear to act first as activators of some preformed, 
perhaps membrane associated, system, following which longer-term regulatory effects 
occur through alteration of RNA and protein synthesis. 
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Mechanism oj Action of Cytokinins 


Cytokinins appear to play important roles in the regulation of cell division and all 
known endogenous cytokinins arc purine derivatives (primarily of adenine).Thus, research 
into their mechanism of action has tended to concentrate upon their relationships with 
nucleic acids. No clear picture has yet emerged, however, although, like auxins and gib— 
berellins, cytokinins quite clearly do have the capacity to stimulate RNA and protein syn¬ 
thesis in plant cells. Some workers have reported that all fractions of RNA (m-RNA, 
r-RNA and t-RNA) are increased after cytokinin treatment, but others have found that 
only r-RNA levels arc raised. 

From the mid-l%0s much interest was centred upon the possibility that cytokinins may 
exert their hormonal effects through modification of specific transfer-RN As, following the 
discovery that cytokinin groups occur in certain species of t-RNA. In both serine t-RNA 
and tyrosine t-RNA adenine nucleotides occur which possess side chains which arc isomers 
of those of the most hormonally active cytokinins. Furthermore, in each case the substi¬ 
tuted adenine moiety of the cytokinin was found to be located immediately adjacent to the 
anticodon of the t-RNA (Fig. 4.14). It was realized that a 6-substituted purine (all natural 
cytokinins are of this chemical nature) positioned adjacent to the anticodon loop would 
permit maintenance of the correct spatial arrangement of the t-RNA, and so preclude the 
possibility of an incorrect triplet of nucleotides being recognized by the codon of m-RNA 
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Fig. 4.14. Structure of t-RNA for serine (isolated from yeast cells), showing the location of the 
cytokinin dimcthyl.illylademiic adjacent to the anticodon. A — adenine: C - cytosine; 
G ~ guanine; T — thymine; U ~ uracil. (From H. G. Zachau ct a!., .-Ir/i/u’. Cheat, 78 , 392, 

1966.) 
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on the ribosome. In other words, it seems likely that the presence of t-RN A in a molecule 
of the cytokinin type is essential for normal codon-anticodon interaction between m-RNA 
and t-RN A on the ribosome. The hypothesis that cytokinins exert their regulatory dfects 
through t-RNA functioning at translation therefore became very attractive. 

However, this hypothesis has more recently received severe criticism on a number of 
grounds. For example, in the normal biosynthesis of t-RNA modification of component 
bases probably occurs after the primary structure of the polynucleotide has been established, 
which means that the characteristic side chain on carbon-6 of the adenine moiety of an in¬ 
corporated cytokinin would be attached after the adenine portion is incorporated. This 
would make it impossible for substances such as kinctin, zeatin. etc., to be incorporated 
intact into t-RNA. Other evidence against cytokinins acting through their being incor¬ 
porated into t-RNA includes the finding that t-RNA of Zea mays seed contains m-zcatm, 
whereas the naturally occurring cytokinin in the same seed is mwjf-zeatin, which makes it 
difficult to believe that the cytokinin is a precursor in t-RNA synthesis. Particularly con¬ 
vincing evidence against the t-RNA hypothesis for cytokinin action has come from studies 
of rates of incorporation of radioisotopically labelled cytokinins into t-RN As of cells 
responding to the hormone. Although the literature on the subject is rather conflicting, in 
general it has been found that the quantitative limits of cytokinin incorporation into 
t-RNA are far too low to regard the process as being the basis for the regulatory effects of 
cytokinins. Moreover, [ 11 C]-6-benzylamim>-9-methyl-purine, although active as a cyto¬ 
kinin, does not become incorporated into t-RNA at all due to the masking of the carbon-9 
position by a methyl group. 

Other, more recent, lines of research are tending to suggest that cytokinins may act as 
direct regulators of enzyme activity, rather than of enzyme synthesis. Enzymes whose 
activities are influenced by cytokinins include respiratory kinases, particularly pyruvate 
kinase. In view of the well-known regulatory effects of cyclic-AMP on kinases in mam¬ 
malian cells, and some reports that addition of cyclic-AMP to plant cells can induce 
responses similar to those elicited by cytokinins, it has been suggested that either, (a) cyto- 
kinins act in some way equivalent to that of cyclic-AMP in mammalian cells or (b) that 
cytokinin effects are mediated through a cyclic-AMP system in plants. However, it must 
be emphasized that very little factual evidence exists to support any of these concepts which 
therefore remain highly speculative. 


The Mechanism oj Action oj Ethylene 

As with the other categories of plant growth hormones, a number of possible initial sites 
of action for ethylene have been suggested, none of which appear to explain adequately 
the diverse effects of this substance on the physiology of plants. 

Because exposure of plant tissues to ethylene can result in quantitative and qualitative 
changes in enzymes, one possibility is that ethylene may regulate RNA-dirccted protein 
synthesis. Various enzymes have been found to increase in activity following the addition 
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of ethylene, c.g. ccllulasc, peroxidase, phenylalanine ammonia lyase, and phosphatase. The 
stimulatory effect of ethylene on ccllulasc activity is particularly pronounced in the separa¬ 
tion layer cells during leaf abscission (Chapter 12). At least part of this increase has been 
established as resulting from cthylcnc-induccd de novo synthesis of ccllulasc. However, 
promotion of leaf abscission processes by ethylene has been found to occur too rapidly to 
be wholly explained by a mechanism necessarily involving enzyme synthesis, and it has, in 
fact, been shown that a major effect of ethylene is to cause the rapid release of ccllulasc 
from a bound form and its secretion through the plasma membrane into the cell walls of the 
separation layer cells. Similarly, ethylene enhances the secretion of a-amylase from barley 
aleuronc layer cells. 

These rapid effects of ethylene on secretory processes, taken together with observations 
that some ethylene responses cannot be inhibited by actinomycin D or cyclohcximide, and 
that growth rates can be altered within 5 minutes of exposure of a tissue to ethylene, make 
it dear that ethylene is able to regulate developmental activities by mechanisms that do not 
immediately depend on protein synthesis. Thus, it is possible that ethylene affects the 
activity of the “proton pump’' which appears to be involved in cell extension (p. 87). 

In view of the high lipid solubility of an olefine such as ethylene, one at least superficially 
attractive hypothesis of ethylene action proposes that the receptor site for ethylene may be 
located on the surface of one or more types of cell membrane, and that an association of 
ethylene with membranes would influence their permeability properties. Although evi¬ 
dence is indeed accumulating that ethylene can regulate secretory phenomena and the trans¬ 
port of materials through plant cell membranes, these effects appear to be mediated by a 
more sophisticated mechanism than simple physical effects of ethylene on the permeability 
of membranes. 

It is only realistic, therefore, to recognize that the mechanism of action of ethylene prob¬ 
ably includes both short-term rapid effects on cell membranes and longer-term effects on 
nucleic acid and protein metabolism, but that we have very little idea of how these come 
about. 


7 /if Mechanism of Action of Abscisic Acid 

Abscisic acid (A BA) resembles the other plant growth hormones in that when applied to 
plant cells it may elicit changes in the levels of activity of various enzymes, and in the 
pattern of nucleic acid metabolism. Thus, tor example, ABA suppresses the appearance of 
a-amylase activity in barley aleuronc cells. 

In the same way that the mechanism of action of the other growth hormones has been 
sought in terms of a direct modification of nucleic acid metabolism and protein synthesis, 
so too have the effects of ABA on these processes been investigated. Several possible ways 
have been suggested in which ABA could suppress levels of enzyme activities. Findings that 
ABA enhances ribonuclcase (RNase) activity led to suggestions that it is this effect of ABA 
which leads to lower RNA levels and a consequent fall in the rate of protein synthesis. 
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However, some subsequent work indicated that ABA can reduce total RNA synthesis 
within 3 hours of its application, but that RNase activity does not increase until after 8 hours 
(Fig. 4.15), which suggests that the first effect of ABA is not on RNase synthesis or activity. 

The means by which total RNA synthesis is reduced in some tissues by ABA has not yet 
been elucidated. Some experiments have indicated that chromatin activity (i.e. available 
template) is reduced by ABA, and others that reduced RNA synthesis in the presence of 
ABA is attributable to a fall in the level of activity of RNA polymerase. 

In contrast to the situations where ABA clearly causes a reduction in total RNA content 
of cells, it has been found that in barley aleurone tissue exogenous ABA is able to inhibit 
a-amylase synthesis but without affecting total RNA or protein synthesis. Furthermore, the 
inhibitory effect of ABA on a-amylase synthesis in the aleurone cells does not appear to 
occur through an inhibition of synthesis of the m-RN A for a-amylase. For these and other 
reasons, it has been proposed that ABA influences either the synthesis or the activity of a 
regulator RNA that is required for the translation of the a-amylase m-RN A in barley 
aleurone tissue. 

Despite the undoubted influence of ABA on the synthesis of proteins, however it takes 
place, a number of the known effects of ABA are now known to occur too rapidly to be 
explained in these terms. Closure of stomata in response to ABA has been measured within 
a minute of time of application of the hormone, and the prevention by ABA of activation 



Fig. 4.15. Time-course of effects of 3-8 x 10 " 5 M ABA on total RNA synthesis (expressed as 
d.p.m. 3 H-la belled cytidine incorporated in RNA per gramme fresh weight of tissue) and on 
total RNase activity, in Zea mays coleoptile cells,(Adapted fromj. H. M. Bex,Planta, 103 ,1-10, 

1972.) 
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of the enzyme phoiphorylcholinc glyceride transferase also occurs too rapidly to be ex¬ 
plained by a mechanism that involves effects on RNA synthesis. Furthermore, auxin- 
dependent elongation growtli in coleoptiles can be inhibited within a few minutes of time 
of addition of ABA. Such observations of rapid effects of ABA are similar to what has been 
observed for the other plant growth hormones, and suggest that at least some of the regu¬ 
latory effects of ABA arc independent of nucleic acid-directed protein synthesis. 


FURTHER READING 


General 

Ama.i'S, l : . H. Ethylene in Plant liioiogy, Academic Press, New York and London, 1973. 

A onus, L. J. Plant Growth Substitutes, 3rd ed., Vol. 1 , L. Hill Ltd., London, 1972. 

Laktscu, W. M. and R. E. Cu ii anp (Eds.), Papers on Plant Growth and Development, Little, Brown & 
Go., Boston, l%7. 

Liopoi.d, A. G. and P. E. Kkikdkmann, Plant Growth ami Development, 2nd cd„ McCiraw-Hill, New 
York, 1975. 

Wilkins, M. li. (lid.). Physiology of Plant Growth and Development, McGraw-Hill, London, 1969. 


More Advanced Reading 


Ama-iiS, E. B. Biosynthesis and mechanism of action of ethylene. Ann. Rev. Plant. Physiol. 23 , 259-92, 

1972. 

Mali , R. H. Gytokinins as a probe of developmental processes. Ann. Rev. Plata Physiol. 24 , 413-44, 

1973. 

Jacousln, J. V. Regulation of ribonucleic acid metabolism by plant hormones. Huh. Rev. Plant Physiol. 
28 , 537-(>4, 1977. 

Kt-NOij, H. and G. Gardner. Hormone binding in plants. Huh. Rev. Plant Physiol. 27 , 267-90, 1976. 
Skoou, F. and R. Y. Schmitz. Gytokinins. I 11 : F. C. Steward (cd.). Plant Physiology—a Treatise, 
Academic Press, New York, 1H1-212. 1972. 

Wiciitman, H. and G. Shrn-.Ktu.Li.) (Eds.). Biochemistry and Physiology of Plant Growth Substances, The 
Rungc Press, Ottawa, 1969. 



CHAPTER 5 


Hormonal Control in the Whole Plant 


In the preceding chapter we discussed the possible modes ot action of the major groups of 
growth substances at the molecular and cellular levels and we now have to consider their 
role in the control of growth and differentiation at the tissue, organ and whole-plant levels. 
The orderly series of changes so characteristic ot development clearly require control 
systems to ensure that there is co-ordination ot growth and differentiation in both spate 
and time. Thus, the development of a leaf primordium is accompanied by the differentiation 
of vascular tissue in the neighbouring stem tissue (p. 34). Similarly, the growth ot an 
embryo following fertilization is normally accompanied by growth of the surrounding 
tissues of the ovule. These are examples iff the phenomenon of correlation, which we shall 
consider in more detail later. 

Correlation of growth in different regions is also seen at the whole-plant level. 1 lie inde¬ 
terminate pattern of growth of higher plants by apical meristems leads to the steady accre¬ 
tion of mature tissue in the older parts of the plant body, while mcristcniatic activity is 
maintained at the shoot and root apices. However, potential meristcmatic regions still 
remain in the older parts, such as the cambium, axillary buds, developing seeds and fruits, 
and storage organs. Hence there is a need for control systems to co-ordinate growth in the 
various regions of the plant, which we shall refer to as spatial co-ordination. 

There is also a need for temporal co-ordination of development, which involves an orderly 
sequence of changes at all levels of organization. Thus, the whole plant passes through a 
succession of phases during its life cycle, viz. germination and vegetative growth, flowering 
and fruiting, ripening and senescence and dormancy. This orderly sequence of changes 
must also involve control systems which ensure co-ordination in tunc. 

A control system may operate spontaneously within the plant itself, i.c. its action may 
by autotwittic in origin, or it may be activated or modulated by environmental factors. Since 
environmental conditions do not normally vary appreciably around the different parts of 
the shoot system, spatial co-ordination within the plant is, in general, achieved by auto 
nomic control systems, whereas environmental factors are frequently important in tem¬ 
poral co-ordination. 

Autonomic control is expressed at both the intracellular and the intercellular levels of 
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organization. Control of development at the intracellular level is reflected in the appearance 
and disappearance ofactivi tics of different enzymes during various phases of cell growth and 
differentiation, and this is achieved in several ways, including regulation of nucleic acid and 
enzyme synthesis and the activation and inactivation of preformed enzymes. Thus, intra¬ 
cellular control of developmental processes quite clearly involves regulation of gene acti¬ 
vity. Hut intercellular control mechanisms must also, of course, ultimately be determined 
by the genotype. 

Spatial co-ordination in plants appears to depend upon the movement of substances 
between cells and tissues. Such movement may be either (1) short range, between adjacent 
or neighbouring cells or (2) long range, involving relatively long-distances interactions. 
Short-range interactions, involving the movement of protein molecules, appear to be 
involved in pollen/stigma recognition reactions (p. 326), but whether they also arc impor¬ 
tant in interactions between somatic plant cells is problematical. On the other hand, there is 
considerable evidence that plant growth-regulating substances play a vital role in inter¬ 
cellular interactions. 

Growth substances have been demonstrated to perform various important functions in 
growth and differentiation, particularly those (a) in which relatively long-distance correla¬ 
tive control is exerted by one organ or region on another, and (b) where environmental 
effects arc apparently mediated through modulation of internal growth substance levels and 
distribution within the plant body. There is much more evidence for the role of hormones 
in the control of growth and differentiation in rxu/ing organs, than for their possible role in 
the initiation of tissues and organs. Nevertheless, there is a possibility that the major groups 
of growth substances do play a role in determining the sites of initiation of tissues and 
organs. Tims, it may be significant that the known growth substances can induce the forma¬ 
tion of roots on shoot cuttings and the initiation of buds and roots in callus cultures (Chapter 
6 ). 

In older to fall within the traditional definition of a hormone, a substance must be re¬ 
leased from the cells in which it is formed and produce an effect in other cells, i.c. the sites of 
production and action must be separate and movement of the hormone is required. More¬ 
over, to effect control of a process the hormone must be capable of modulation in space or 
in time. These criteria arc certainly met in the hormonal control of growth of the Avena 
coleoptile, where auxin produced in the tip stimulates cell extension in the base, and we shall 
meet other examples of control by auxin. However, it is more difficult to demonstrate that 
the other main groups of plant growth substances conform strictly to the traditional defini¬ 
tion of a “hormone”. 

It is clear that the transport and distribution of growth substances within the plant must 
play a crucial role in their function in spatial co-ordination, and much attention has been 
devoted to elucidating (a) the sites of biosynthesis, (b) the patterns of hormone movement 
and distribution from these sites, and (c) the manner in which various environmental 
factors, such as light and gravity, affect hormone levels and distribution in the plant. Hence 
we shall first consider some of these latter topics, and then discuss the evidence for hormone 
control and co-ordination in various aspects of development. In later chapters we shall see 
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that growth substances probably also play an important role in temporal co-ordination in 
growth responses to environmental factors, such as day length and temperature. 


THE TRANSPORT OF PLANT GROWTH HORMONES 

From their sites of synthesis, growth hormones are transported to other regions of the 
plant, influencing the cells and tissues with which they come into contact. One would 
reasonably expect, therefore, that the translocation of these substances would be strictly 
regulated. Nevertheless, as we shall consider below, although a limited amount of evidence 
exists to suggest that the transport of abscisic acid, evtokinins and gibberellins may norm¬ 
ally follow particular patterns, only auxin translocation lias been unequivocally demon¬ 
strated to be polarized (i.e. auxins are usually transported along the longitudinal axis of the 
plant more rapidly in one direction than in the opposite direction). The polar nature of 
auxin transport is undoubtedly of great importance in the Ctv-ordiiution of growth and 
differentiation in different regions of the whole plant. For rlus reason we will deal first with 
what is known of auxin transport in plants, following which the transport of the other 
growth hormones will be considered. 

In the shoot tissues which have been studied (colcuptiles, stems, hypocotyls, petioles and 
Hower-stalks), auxin moves more rapidly basipetally (i.e. from morphologically apical to 
more basal regions) than ucropetally (from basal to apical regions). As we shall consider later, 
auxin transport in roots also appears to be polar, but there is evidence that the preferred 
direction of transport may be cither acropctal or basipet.il, depending on the region of the 
root. 


Auxin Transport in Shoot Tissues 

Polar basipctal auxin transport occurs in all organs of the vegetative shoot. The majority 
of experiments which have shown this have been conducted with short excised segments 
(usually 5-10 mm long) of colcoptilcs, stems, petioles, etc. In principle, the technique is to 
apply an auxin to one end and to follow its movement along the segment. Various methods 
have been adopted to determine how much auxin has been transported, and how far, in such 
segments, but most commonly a “donor-rcccivcr” agar block system has been employed. 
In this, an agar block containing auxin (the “donor block”) is placed against one cut end of 
a segment of tissue, and another agar block (the “receiver block”) against the opposite end. 
Auxin molecules enter the segment from the donor block, arc transported through the 
segment and eventually emerge into the receiver block. Once auxin starts to enter the 
receiver block, its concentration there rises linearly with time under carefully controlled 
experimental conditions. The intercept on the time axis of the straight line of increase in 
auxin content of the receiver block provides an estimate of the average time taken for 
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auxin molecules to pass from one end of the segment to the other (Fig. 5.1 A). Since the 
length of the segment is known, auxin movement can be expressed in terms of velocity 
(distance moved in unit time). 

Using the donor-receiver block method, Went, in 1928, found that auxin moved only 
basipctally in Avetia coleoptile segments. Irrespective of the orientation of a segment with 
respect to gravity, auxin appeared only in a receiver block placed against the morphological 
basal end with a donor block positioned at the morphological apical end. The auxin used 
in Wcnt’s experiments was unknown, but it was collected from Avetia coleoptile tips and 
was probably IA A. Other investigators repeated Wenris experiment, and confirmed the 
existence of polar basipetal IAA transport in colcoptilcs, stems, hypocotyls and petioles. 
Earlier workers, like Went, measured the quantity ot IAA in receiver blocks by bioassay. 
More recently, the availability of radioactive auxins has allowed more precise experimen¬ 
tation, and this has revealed that (a) auxin transport in aerial organs is not exclusively polar, 
for some acropetal as well as basipetal movement takes place (Fig. 5.1B), and (b) in addition 
to IA A, certain synthetic auxins, such as 2,4-dich loro phenoxy acetic acid (2,4-19), indolc-3- 
butyric acid and naphthalene acetic acid (N A A) are transported in a polar manner. 

The velocity of basipetal polar auxin transport has been measured in various organs by a 
number ot workers. Values obtained tor IAA polar transport all lie between 5 and 15 mm 
per hour. Synthetic auxins, although transported in a polar manner, apparently move more 
slowly. For example, 2,4-D moved basipctally in Phaseolus vulgaris petiole segments at a 
velocity of only 1 mm per hour, whereas the equivalent figure for IAA was 6 mm per 
hour. 

The velocity ol acropetal auxin transport has not been rigorously determined for aerial 
organs, but it is normally very much lower than that of basipetal transport. However, the 
differential between the velocities ot basipetal and acropetal auxin transport is influenced 
by a number of factors. Thus, polarity of auxin movement declines with increasing age ot 
the transporting tissue. It is not yet clear whether this is due to a decrease in basipetal trans¬ 
port, or an increase in acropetal transport, or both. There is, nevertheless, no doubt that 
maturation processes in a tissue are associated with a gradual reduction in the polarity ot 
auxin transport. Because of this, it has been suggested that polar transport ot auxin occurs 
only in association with cell elongation. However, careful experiments by McCready and 
Jacobs in 1%7 showed that, in bean petiole segments, basipetal polar transport of 2,4-D 
was less when the segments were elongating rapidly in the presence of gibberellic acid (GA 3 ) 
than when their growth was inhibited by mannitol. On the other hand, earlier experiments 
demonstrated that GA 3 stimulated basipetal IAA transport in stem tissues. Thus, we know 
neither the significance nor the basis of reduced polarity of auxin transport in mature 
tissues. 

Gravity appears to have some influence on basipetal polar transport of auxins, for several 
workers have found that when a normally erect organ is placed horizontally, or inverted, 
then the velocity of basipetal auxin transport is reduced. This phenomenon may be involved 
in gcotropic responses of plant organs, although much more work needs to be done to 
evaluate this possibility. 
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Fic. 5.1. A. Estimation of the velocity of basipctal polar transport ofindo!c-3-acctic acid(l AA) 
in bean petiole segments. Radioactive IAA( J,4 C-1AA) at a concentration of 50 ;itu in agar-gcl 
(the “donor block”) was supplied to the apical end of each segment, and a blank agar “receiver 
block” was placed against the basal end. Radioactivity appearing in the receiver block was 
determined at hourly intervals. The graph lmc showing radioactivity present in the receiver 
block intercepts the time axis at 0 8 hour. The petiole segments were 5-44 mm long, which 
means that I A A was transported basipetally at velocity of frK nim/hour.(FromC. C. McCready 
and W. P. Jacobs, Sew Phytol. 6z, 19-34,1963.) 

B. Polar transport of iudole-3-acctic acid (1AA) in colcoptile segments (i), and in root seg¬ 
ments (ii) of Zi'a mays c.v. “Giant White Horsctooth”. Donor agar-blocks containing radio¬ 
active IAA ( 14 C-IAA) were placed on either the apical end (basipctal transport) or basal end 
(acropctal transport) of colcoptile or root segments. The amount of radioactivity (counts per 
minute) which appeared in blank agar receiver blocks at the opposite ends of the segments was 
determined. In colcoptilcs polar auxin transport is basipctal, but in roots the direction of move¬ 
ment is acropctal. (Colcoptile data from M. 13. Wilkins and P. Whyte, Plantailkrl,) 8z, 307-16, 
1968; root data from M. B. Wilkins and T. K. Scott, Xaturc, 219, 1388-9, 1968.) 

Despite detailed studies of polar auxin transport, extending over 40 years, we still do not 
know the pathway of auxin movement. The velocity of polar auxin transport (0*5-1'5 cm 
per hour) is very much less than that of solute movement in the phloem (Uk-100 cm per 
hour), and the direction of solute flow in the phloem in the upper stein is acropctal rather 
than basipctal. For this and other reasons, it docs not seem likely that auxin normally travels 
in the phloem. The other vascular tissue, the xylem, clearly docs not usually serve as a 
transporting channel for auxin, for here again the flow is upwards, and dead xylem elements 
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would be unable to provide the energy required for polar auxin transport. Early work 
indicated that all cells in colcoptilc segments arc capable of transporting auxin basipetally at 
1 cm per hour. We cannot be certain that this is true for stems, for Coleus stem pith-seg¬ 
ments failed to transport IA A at all unless a strand of vascular tissue was present. In fact, a 
number of workers have found over the past few years that basipctal auxin transport in 
stems occurs primarily or solely in tissues of the vascular strands. Although by no means 
certain, it does appear likely that, in stems at least, the procabium, cambium and newly 
formed derivatives of the cambium (particularly phloem initials) may provide the principal 
routes for polar auxin transport. In coleoptilcs, on the other hand, several workers have 
reported that basipctal polar auxin transport takes place through the non-vascular paren¬ 
chyma at least as readily as through the vascular tissues. 


Auxin Transport in Roots 

Until relatively recently, very few direct studies were made of auxin movement in 
roots, and perhaps because of this, a great deal of confusion existed over this matter for 
many years. I lowever, experiments by several groups of workers since 1964 with root seg¬ 
ments, using radioactive 1AA and the donor-receiver agar block method, have amply 
confirmed that roots of a range of species show polar transport of auxin, and that the direc¬ 
tion of movement along most or all of the root is<i<rep<W(Fig. 5.1 B). This is the reverse of 
the situation in shoot tissues, and the full physiological significance of the difference with 
respect to the normal regulation of root growth and geotropism remains to be evaluated. 

I he velocity of polar acropetal auxin transport in roots has been found to be approximately 
1 cm per hour, which is similar to that of basipctal polar auxin transport in shoot tissues. 
Despite the evidence tor acropetal movement along most of the root, some recent studies 
have indicated that auxin transport may show basipctal polarity in the more apical parts 
of roots, but again the possible physiological significance of such a situation is obscure at 
present. 

As is the ease tor stem tissues, available experimental evidence suggests that auxin trans¬ 
port in roots occurs primarily in tissues of the vascular strands, particularly the cambium 
and newly formed phloem. 


The Mechanism of Polar Transport of /hi.vi/i 

Polar transport of auxin in plant organs is a manifestation of the existence of polarity in 
each individual cell (Chapter 13). Experiments with segments of organs such as coleoptiles 
have shown that the polarity of transport (i.c. the ratio, basipctal transport/acropetal trans¬ 
port) increases approximately exponentially with the length of segment studied. This 
suggests that a small polarity of auxin transport occurs in each cell, and that when auxin is 
being transported along an organ through a series of cells there is an amplification of the 
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individual small polarities of transport. It has been calculated for Zea mays coleoptile seg¬ 
ments that the observed overall polarity ot auxin transport could result from each cell in 
the longitudinal series possessing a 1 to 10 per cent basipetal polarity (i.c. a single cell need 
secrete no more than 1*01 to 1*10 times as much auxin basally than apically). 

The mechanism by which polar transport of auxin occurs is not yet understood. For 
many years it has been known that the polar transport ot auxin involves metabolic pro¬ 
cesses because, (a) it takes place more rapidly than can be explained by simple physical 
diffusion, (b) velocities of auxin movement arc greatest at temperatures favourable tor the 
activities of most enzymes (20-30°C), (c) respiration, especially aerobic respiration, is 
required for the maintenance of polar transport, (d) auxin can be transported in a polar 
manner against its own concentration gradient, and (c) the polar transport system appears 
to be specific for molecules that possess biological activity similar to that of IAA. 

Until very recently, it has been generally considered that auxin is taken up passively by 
each cell, moves in the cytoplasm (and perhaps also through the vacuole) and is secreted 
across the plasma membrane at one end by a carrier-mediated, energy-requiring mechanism. 
In other words, that a localized active-transport system is responsible for the secretion ot 
auxin and hence its polar transport. 

An alternative theory of polar auxin transport has recently been suggested. Since cells 
arc more permeable to undissociated auxin molecules (I A AH) than to auxin anions (IAA ), 
they will accumulate auxin when the pH of the cytoplasm is above that of the walls. Once 
inside the cell the auxin dissociates into IAA . Polarity will occur if the ratio of the perme¬ 
ability of the anion to the undissociated auxin, i.c. Piaah/^iaa ~ “ permeability coeffi¬ 

cient) is relatively greater at one end of the cell than the other. Moreover, this hypothesis 
assumes that not only is uptake of IA AH a passive diffusion process, but also that ejflux 
of IA A " occurs in response to the existence of gradients in pH and electrical potential across 
the plasma membrane. Such transmembranc gradients do exist and can be measured, and 
so long as the pi I and/or the (negative) electrical potential in the cytoplasm is maintained at 
a higher level than in the free space outside, then diffusion oflAAH along its concentration 
gradient into the cell will be balanced by the efflux of IAA down an outwardly directed 
electrochemical potential gradient. Thus, whereas carrier-mediated secretion requires 
expenditure of energy to transport auxin against a concentration gradient, the new 
theory postulates that the movement of auxin is thermodynamically “downhill and that 
metabolic energy will only be required to maintain pH and electrical gradients and polar 
permeability. Although some experimental evidence tends to support the new hypothe¬ 
sis other evidence is consistent with the carrier-mediated hypothesis and hence more investi¬ 
gation will be required to resolve this problem. 


The Transport of Gihberellins in Plants 

Far fewer studies have been made of gibberellin translocation than of auxin transport, 
but these have nevertheless provided fairly convincing evidence that gibberellin transport 
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is not polar in nature, except possibly in leaf petioles. Thus, it is generally noticed that 
gibbercllins applied to any one part of a plant elicit developmental responses in all other 
regions of shoot and root, which provides indirect evidence for non-polar transport of the 
hormone. More direct evidence that gibbercllins are able to move freely in all directions 
within the plant has been obtained by use of radioactive gibbercllins (Fig. 5.2). 

Experimentation on the transport of gibbercllins has not usually involved use of the agar 
“donor’’ and “receiver” blocks technique that lias provided such a convenient and major 
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Fig. 5.2. Apparently free, non-polar, transport of gibberellin in bean plants. 14 C-labelled gib- 
berellin was applied to the cotyldedonary node of the plant, and its distribution with time 
within the plant followed by autoradiography. (From G. Zweig et al. t Adv. Chetn. Ser. 28 , 
122-34, 1961. Original prior donated by Dr. Gunter Zweig.) 
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tool in studies ot auxin transport in segments ot stems, coleo pules, etc. The principal reason 
for this is that it lias been tound that 14 C- or 3 H-labelled gibberellins are taken up readily 
enough by tissue segments, but are not exported into agar receiver blocks to any signifi¬ 
cant extent. The reasons for this are not known, but it provides an interesting contrast to 
the facility with which 1 ^C-auxins pass out into such receiver blocks, in that it emphasizes 
the secretory nature of polar transport ot auxins. 

It is considered that the movement ot gibberellins within the plant occurs through the 
normal general circulatory system ot the phloem and xylcm vascular tissues, since they 
have been detected in both xylcm and phloem sap. 1 lowcvcr, one aspect of the transport of 
endogenous gibberellins for which phloem or xylcm transport does not readily account, is 
the movement of gibberellins from their putative major regions ot synthesis in young 
growing leaves downwards into and along the stem. Such young leaves are net importers 
of organic and inorganic materials, and the direction ot How ot solutes in phloem and 
xylcm is acropetal (upwards) in the apical part ot the shoot. It phloem transport occurs in 
response to demand for assimilates by “sinks 1 ’, then it is impossible to visualize basipetal 
gibberellin transport in the phloem ot the apical region ot the shoot. 


Cyrefeiiim 7VwiWooinon 

No clear picture can he presented of the transport of cytokmins in plants. Available 
relevant evidence is slight, fragmentary and often contradictory. 

Experiments that have demonstrated the role ot roots in maintaining a supply of cyto— 
kinins to leaves and preventing their premature senescence (Chapter 12) are clearly indica¬ 
tive of an upward transport of cytokinins in the stem. Furthermore, cytokinins are known 
to be present in the xylcm sap ascending from the root system. On the other hand, cyto- 
kinins that arc synthesized in young developing fruits do not appear to be transported out 
at all. Similarly/numerous studies with exogenous cytokinins such as kinetin have indi¬ 
cated that they may remain for some considerable time in the localized region of applica¬ 
tion, even though general metabolite transport may be taking place away from the point 
of application of the cytokinin./ 

A certain amount of evidence suggests that cytokinins may be transported not as free 
purines, but in conjugated forms, such as ribosides or glucosidcs, both of which have been 
shown to be present in xylem and phloem sap. 


Ethylene Transport 

Although as a substance of low molecular weight it might be expected that ethylene 
would move freely through plant tissues by normal physical diffusion, this docs not appear 
to be the case. Thus, in broad bean for example, the “resistance” to longitudinal movement 
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up or down the plant is such that lateral emanation effectively isolates different parts of the 
plant from one another. Similarly if a leaf is fed with ethylene, only a small proportion of 
the gas which passes into the leaf ever reaches the stem, the remainder being emanated from 
the petiole. Hence, ethylene does not move between different parts of the plant in physio¬ 
logically significant amounts. 

Despite the fact that ethylene is not translocated to any significant extent, nevertheless it 
appears that changes in ethylene levels in one part of a plant can influence those in another. 
Thus an increase in ethylene levels in the roots can induce increased levels in the shoot apex. 
'Hie mechanism of this effect is not understood at present. 


Transport of Abscisic Acid 

Application of exogenous A BA to mature leaves, or even to roots, can result in develop¬ 
mental responses such as growth inhibition in all other parts, c.g. the shoot apex or the 
vascular cambium. Such observations indicate that, like gibbcrcllins, ABA is able to move 
f reely in all directions within the plant. Also, studies with H C-labelled ABA have given no 
clear evidence of polarity of ABA transport in stem and colcoptile segments, but have 
provided evidence to suggest that in root segments ABA is transported preferentially in a 
basipetal manner(i.e. away from the root apex). Some research has indicated that ABA may 
by synthesized in the root cap, and a basipetal mode of transport in roots would therefore 
provide a mechanism for this ABA to reach and influence the elongating region of the 
root (p. 179). 


GROWTH HORMONES AND STEM GROWTH 

We shall now consider the role of growth hormones in the control of stem growth. 
Although effects on elongation growth are possibly the most intensively investigated 
aspects of hormone action in plants, it is extremely difficult to draw any sort ofclear picture 
of the overall mechanism by which stem elongation is normally regulated. Each of the five 
known categories of growth hormone can certainly influence stem growth. The principal 
problem is to visualize how they interact, for their individual effects appear to overlap, 
duplicate, reinforce, or antagonize one another to a bewildering extent. Furthermore, not 
only are we still uncertain of the sites of synthesis of some types of growth hormone 
(especially the cytokiuins and abscisic acid), but wc have only sketchy information on the 
factors which determine patterns of transport of hormones other than auxin. In our present 
state of knowledge we arc therefore compelled to consider individually the evidence for 
the involvement in stem elongation of each class of hormone, and to attempt only briefly 
the synthesis of available information for all hormones towards a general understanding of 
the control of stem elongation growth. 
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.*li /.vim anti Intemode Elongation 

As we considered in Chapter 3, the discovery ot the natural auxin, 1AA, took place as a 
result of experiments on phototropism and elongation growth in etiolated coleoptiles. In 
particular, observations that removal ot the apical end ot a eoleopiile resulted in suppression 
or cessation of elongation growth in the remaining coleoptile, and that IAA could substi¬ 
tute for the tip, led to the conclusion that the apical parr ot a coleoprile normally supplies 
auxin to the newly formed cells and that the auxin is necessary tor elongation growth of 
those cells. Convenient though are etiolated coleoptiles in experiments on the role of api- 
callv-svnthesizedauxin in the regulationot extension growth, one must remember that they 
are modified, tubular leaves, and that results obtained by their use should be applied only 
with caution to the problem of bow intemode elongation grow th is normally controlled. 

It is now generally believed that auxin which is involved in the control of intemode 
growth is synthesized in voting growing leaves (or in cotyledons in very young seedlings) 
from where it is translocated into and basipetally down the stem, I vidence tor this view is 
largely circumstantial, but includes positive identification by mass-spectrometry ot 1A A in 
voting leaves of bean plants, and measurements ot quantities ot unidentified auxin (pre¬ 
sumably IAA) diffusing out from the petioles of variously aged leaves ot Coitus plants 
(Fig. 5.4). 

It has been found that those intemode tissues which arc most rapidly elongating contain 
the highest levels of diffusible endogenous auxin (Fig. 5.3 A), which is consistent with the 
view that auxin is required tor elongation growth in internodal regions. 

Further evidence that auxin is concerned in the control ot stem growth is afforded by 
experiments in which isolated segments of internodes arc used. Such segments have been 
deprived of their supply ot auxin from the apical region ot the shoot, and consequently the 
effects of known concentrations of auxin can be measured. Thus, it the intemode segments 
are floated in an appropriate solution ot auxin, then they will grow more than when placed 
in water alone. Further, the amount of extension growth that occurs is proportional to the 
logarithm of the concentration of auxin iu solution (Fig. 5.5A). It can be seen that stem 
segments show increased growth with increasing concentrations of IAA up to approxi¬ 
mately 5 x H)“ 5 M. At concentrations greater than this less growth occurs, until at about 
10" 3 M IAA and above inhibition of excised stem segment elongation occurs, so that less 
growth takes place than in the control segments to which no IAA was applied. Conse¬ 
quently, wc can say that for stem tissues there is a concentration of auxin which is optimal 
for cell elongation. Concentrations greater than this are, therefore, supra-oplimal and lower 
concentrations are sub-optimal. In some species, such as pea, much higher concentrations of 
auxin are required to produce supra-optimal inhibition in light-grown (green) stem seg¬ 
ments than in etiolated stem segments of the same species. 

Since application of auxin to an intact shoot (c.g, as a spray) rarely stimulates stem elonga¬ 
tion, it may be assumed that the stem tip normally supplies sufficient auxin to the elongating 
intemodes to maintain an optimal auxin concentration in those tissues. The possible reasons 
for inhibition of growth by auxins will be discussed below (p. 113). 
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Fig. 5,3. A. The correlation between growth rate and auxin content along the length of a pea 
seedling stem(epicotyl). Above: diagram of a green 9-day-old “Alaska” pea seedling. The figures 
indicate the number of each internode, and the letters delimit regions assayed for auxin content. 
Below: distribution of diffusible auxin and extension growth in the cpicotyl. Curve A, relative 
growth rates. Curve 11, auxin yields. {From T. K. Scott and W. K. Briggs, Amtr.J. Hot. 47 , 
492-9, 1960). 

13. The relationship between elongation rate and gibbcrellin content along the length of 
the stein of a young sunflower (//r/i.inf/ms <imhhh.?) plant. (From R. L. Jones and 1. D.J. Phillips, 
Piont Physiol. 41 ,1381,1966.) 


Gibhvrvllins ami In ter node Elongation 

There are several pieces ot evidence which indicate that gibberellins, as well as auxins, 
are involved in extension growth of plant tissues. The most striking and characteristic res¬ 
ponse ot a plant treated with a gibbcrellin such as gibbcrcllic acid is that stem elongation is 
stimulated, so that the treated plant becomes taller than it would normally. This response 
of the stem is usually due to an increased elongation of the internodes and there is generally 
no increase in the number of internodes formed. The increased internode length is a conse¬ 
quence ot increased cell extension and cell division. Thus, gibbcrellin treatment of intact 
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Fig. 5.4. Amounts of gibbcrcllin and auxin transported out from leaves of various ages. Young 
growing leaves synthesize and export to the stem greater i|iiantities ol both types of growth 
hormone than do older leaves. Ciihbereliin data from experiments on sunflower plants (R. L 
Jones and I. D. J. Phillips, Plant Physiol. 41 , l 3 Hl-f». |%f») and auxin data from experiments 
with Co/t'Hj plants{R. H. Wctmore and W. P. Jacobs, Anur.J. Hot. 40 , 272 ~t>, 1^53.) 



Fig. 5.5. A. Typical dose-response curve for elongation growth of stem or colcoptilc segments 
in varying concentrations of the auxin indolc-3-acetic acid(IAA). U. typical dose-response 
curve for elongation of intact shoots treated with various concentrations of the gibbcrellin 
gibbcrcllic acid (GA 3 ). 
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plants can cause enhanced elongation of existing intemodal cells, and also increase the 
number of cells present in each internode, principally as a result of an increase in mitoses 
in the sub-apical region of the stem (Fig. 5.6). 

The magnitude of the stem-elongation response to gibberellin varies from species to 
species and from variety to variety within a species. As mentioned in Chapter 3 (p. 56), 
tlie response is greatest in genetically dwarf plants—so much so, that following gibberellin 
treatment dwarf varieties often grow' to the same height as that of related tall varieties 
(Fig. 3.3). 'fall varieties of the same species respond only slightly or not at all. In contrast to 
the typical dose-response relationships between auxin and stem segment elongation (Fig. 
5.5A), gibherellins rarely show supra-optimal inhibition of elongation, for even very high 
concentrations of exogenous gibberellic acid can elicit a maximum growth response 
(Fig. 5.51J). Tlie reasons for this difference in pattern of response to varying auxin or gib- 
bcrcllin concentration are not fully understood, but supra-optimal auxin concentrations can 
induce increased release of ethylene (Fig. 5.9), particularly in dicotyledonous species, and it 
is likely that it is the additional ethylene which causes growth inhibition. Gibberellins, on 
the other hand, have been found to have very variable effects on ethylene production. In 
the majority of investigated situations, a small promotive effect of gibberellin on ethylene 
production has been found, but in others gibberellins had either no effect or even decreased 
ethylene levels. 

The responsiveness ot different varieties to applied gibberellin may perhaps he related to 
the amount of endogenous gibberellin present in the tissues. However, in some species, 
such as Pisum sativum, contradictory results have been obtained by different research groups 
in that some have found lower levels of gibberellins in dwarf than in tall pea varieties, 
whereas others have been unable to detect any quantitative difference. Consequently, one 



Distribution of cell division 


Fig. 5.0. Stimulatory effect ot gibberellic acid (GA 3 ) upon sub-apical meristcmatic activity in 
Sattwlus pm’iftorus, a rosette plant. Each dot represents a sub-apical cell undergoing mitosis seen 
in median longitudinal sections of the stem apical region. Twenty-five microgranis of CiA-. 
were applied 0, 24, 48 and 72 hours previously. (Reprinted from R. M. Sachs. C. F. Bretz and 
A. Lang, Aitier.J. Bet. 46, 37(>-84, 1959.) 
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cannot yet conclude that dwarfness of a plant is always due to impaired gibbcrellin synthe¬ 
sis, and further research is being conducted ro resolve this question. 

It is possible to extract gibberellins troui various organs, and to compare the amounts 
present in them; also, it is possible to collect gibberellins from organs by the agar diffusion 
technique previously used in studies ot auxins. Such studies have revealed that the apical 
bud of the shoot, and young leaves, synthesize and export gibberellins to the stem (Fig. 5.4). 
Also, a positive correlation has been obtained in sun dower {Heitamhus annum) between the 
growth rates ofintemodes ot different ages and the gibbercllin contents ot the same inter¬ 
nodes (Fig. 5.3B). Thus, as with auxins, endogenous gibberellins are present in highest 
concentration in those regions ot the stem which arc undergoing most rapid extension 
growth, providing strong circumstantial evidence that gibberellins are concerned in the 
normal control of stem extension growth. Cytokinins may be involved in the control ot cell 
division rates at the stem apex, but we have no evidence that internode extension is ill any 
wav under a direct influence ot this class ot hormone. 


Auxin-Gibberellin Interactions in Stent Elongation 

Following the discovery of gibberellins and the realization that these hormones occur 
naturally in higher plants (see Chapter 3), many plant physiologists were led to study the 
interactions of gibberellins and auxins in stem and coleoptile extension growth. 

Spraying an intact plant with gibbercllin was found to enhance internode extension 
growth, whereas it was already known that similar treatment with ati auxin rarely induced 
greater internode elongation. Conversely, it young internodcs or coleoptile segments were 
excised and floated in solution, then it was noted that the opposite usually occurred, auxins 
stimulated internodc or coleoptile segment elongation hut gibberellins had little or no 
effect. However, when gibbercllin and auxin were present in solution together, then the 
elongation of excised segments was much greater than when auxin alone was supplied 
(Fig. 5.7). In other words, for the characteristic effects of gibberellins on stem elongation to 
appear, auxin also has to be present. The growth-promoting action of gibberellins when 
applied to intact plants would, therefore, be a consequence of an interaction between sup¬ 
plied exogenous gibbercllin and the natural endogenous auxins present. Because of such 
observations, it was proposed that gibberellins exert their physiological effects through 
some “auxin- mediated” mechanism. Thus, there is good evidence that application of 
gibberellins leads to increased endogenous auxin levels, by effects on either the biosynthesis 
or the destruction of auxin. 

However, it is now clear that gibberellins arc a class of growth hormone in their own 
right. If gibbercllin effects were due solely to an influence on auxin activity then it would be 
expected that these effects would always be the same as those produced by auxins. Whilst 
gibberellins often are able to duplicate the known effects of auxins (c.g. induction of 
parthenocarpic fruits, promotion of cambial activity), there are many other examples of 
gibberellins having physiological effects not possessed by auxins (c.g. promotion ot stem 
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lit-* 5.7. I‘.fleets of auxin (10 jig ml 1 IAA) .nut gibbm-llm (10 jig nil -1 GA y ) on elongation 
growth in excised pea internode segments. Elongation of stem segments is much more markedly 
enhanced by auxin than by gibbcrcllin, but the addition of both auxin and gibberellin results in 
more growth than with auxin alone. 1 he interaction between exogenous auxin and gibberellin 
is sometimes additive and sometimes synergistic. (Adapted from P. W Brian and H. G. 
Hemming, Ann. Hot., n.s., 22 , 1-17. 1958.) 


elongation in intact plants, breaking dormancy of buds or seeds, stimulation ot nicsophyll 
growth), or sometimes instances where gibberellms have the opposite effects of auxins (e.g. 
auxins promote but gibbcrellins inhibit root initiation in stem cuttings). 

Nevertheless, it is apparent that interactions between auxins and gibbcrellins occur in 
many physiological responses apart from extension growth. For example, auxin and 
gibberellin together are often more effective in inducing the development of partheno- 
carpic fruits and in stimulating cambial activity (p. 120) than is either type ot hormone on its 
own. 


Ethylate and Internode Elongation 

Impressive evidence has accumulated in recent years which suggests that ethylene may 
play some part in the control of stem growth. With most species, exposure of stems or 
isolated intemodes to ethylene reduces cell elongation (Fig. 5.8) but enhances isodiametric 
cell expansion. Such ethylene-treated intemodes are shorter and thicker than untreated 
intemodes. These effects of ethylene are similar to those which can be induced by high 
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(supra-optimal) concentrations of auxins. It is possible that auxins are not themselves inhibi¬ 
tors of stem elongation, but rather that at high concentrations they stimulate the synthesis 
of ethylene in plant tissues, which in turn, suppresses cell elongation (Fig. 5. 1 J). 

The inhibiting effect ofcthylene on stem elongation is less in the presence of light than in 
darkness. The reasons tor this are not understood, but ethylene release can be affected, 
probably indirectly, by red and tar-red light through a phytochromc-mediatcd mechan¬ 
ism. Thus, the results of experiments done on the effects of exogenous ethylene are likely 
to be influenced by the light regime, in that the response to a given concentration of exo¬ 
genous ethylene will depend upon the prevailing endogenous ethylene level in the tissues. 
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Fu,. 5.8. Inhibition by ethylene of elongation growth in excised pea-stein segments. (Adapted 
from S. P. Burg, Reguhit'urs Sotureh dv Li Croissant*' I Ytfc(.i/i\ l-dimm do la U«h, Sci., 1%4, 
pp. 718-24.) 


A special case of stem elongation which involves regulation by ethylene is seen in 
examples of those seedlings in which the terminal part of the shoot axis is hook-shaped 
(Fig. 8.5). The hook is presumed to aid penetration through the soil of the delicate apical 
tissues of the shoot. The shape of the hook is a resultant of more rapid eh >ngati. m growth on 
the outer convex side than on the inner concave side. Exposure of seedlings to red light 
causes the hook to open by an equalization of growth rates on the two sides of the stem, and 
far-red light reverses the effect of red light. I resting red light-grown seedlings with either 
auxin or ethylene results in closure of the hook by inhibition of the inner side stem tissues. 
It has been found that ethylene acts in an intermediary capacity in both light- and auxin- 
controlled hook opening and dosing. That is, both far-red light and auxin induce ethylene 
release in the apical part of the shoot, and the ethylene inhibits extension in the inner side of 
the hook. Red light reduces ethylene release and causes opening of the hook. 1 lowever, the 
mechanism of hook opening and closing appears to be more complex than this, and is not 
yet fully understood. For example, it is known that gibbcrcllins can also influence hook 
formation and that the effects of light cannot be completely explained in terms of effects on 
ethylene production. 

In some plants, mainly species that grow well under water (e.g. rice and Callitrichc), 
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hu. 5.9. Effects of various concentrations of the auxin 2,4-dichlorophcnoxyacctic acid ( 2 , 4 - 0 ) 
on elongation growth (top) and ethylene synthesis (bottom) in excised segments of soybean 
hypocotyls. Note that maximum elongation occurred with approximately 10" r> M 2,4-D, 
but that at higher concentrations of 2.4-1) the rate of ethylene production rose markedly and 
elongation growth decreased. It is likely that growth inhibitions in dicotyledonous species by 
high concentrations of auxins occur through the inhibitory effects of the auxin-induced ethy¬ 
lene, but this may not be so for monocotylcdonous plants. (Adapted from R. E. Holm and F. B. 

Abcles, PLmta, 78 , 293, 1967.) 

rather than being inhibited, imemode and root extension occurs more rapidly in the pres¬ 
ence of ethylene. The elongation responses to ethylene shown by these aquatic plants may 
have evolved as an adaptation to the very much lower rates of diffusion of ethylene m 
water than in air. Thus, movement of emanated ethylene away from the plant surface is 
considerably slower in an aquatic environment, which could result in a high ethylene 
concentration within submerged plant tissues. Changes in sensitivity and response to 
ethylene may, therefore, have occurred during evolution of aquatic plants to cope with this 
problem. 

It is clear that ethylene interacts with the other natural growth hormones in the regula¬ 
tion ot stem elongation growth, but much research remains to be done to unravel what is 
clearly a complex and sensitive control mechanism. 


HORMONES AND ROOT GROWTH 


It is probably impossible to think of an aspect of plant physiology which reveals greater 
ignorance and confusion than that which is concerned with natural regulation of growth 
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and differentiation in roots. By simple analogy with the situation as we understand it in 
coleoptiles and stems, one might expect that auxins and gibbcrellins are synthesized in the 
apical part of the root, and that these hormones are translocated hasi pet ally to the cell 
elongation zone a few millimetres behind and there regulate growth and differentiation. 
However, no unequivocal evidence exists that can allow us to formulate such a view. Firstly, 
it is very uncertain what effects are exerted by the root tip on root elongation growth, 
for excision of the root apical meristem does not necessarily prevent elongation of the 
ncvvlv formed cells in the root. It has on occasion even been found that root-tip removal 
results in temporarily stimulated elongation of the young root cells. Secondly, although 
experimental evidence shows that auxin (I A A) is present m roots, its conc entration is 
extremely low and it cannot be assumed that IA A is synthesized in root tissues. Thirdly, as 
we have already seen (p. 102), studies of radioactive 1AA transport in roots have yielded 
contradictory and confusing results. I hose that have demonstrated acropetal polarity of 
auxin transport (e.g. Fig. 5.IB) would appear to exclude the possibility of regulation of 
elongation growth through the action of auxin synthesized in the root apical region. There 
is somewhat better evidence that gibbcrellins may be synthesized in root tips and trans¬ 
ported basipetallv into the cell elongation zone, but even here the data are less than com¬ 
pletely convincing. Furthermore, applications of gibbcrellins to plants generally have little 
obvious effect upon the growth of roots. Exogenous ethylene inhibits root elongation as 
effectively as stem elongation (except in rice, where both stem and root elongation are 
promoted by applied ethylene) by what appears to be an identical mechanism. Roots also 
synthesize ethylene, and it is possible that supra-optimal auxin concentrations inhibit root 
elongation through enhancement of ethylene biosynthesis in the root tissues. 

Current research on gcotropism in roots (see Chapter 7) is tending to emphasize the 
importance of the root cap as an organ of both gravity perception and the site of synthesis 
of growth inhibitors, including abscisic acid. Abscisic acid is transported basipctally in 
roots, and it is clear that the possible involvement of ABA, and perhaps other as yet uniden¬ 
tified growth inhibitors, will have to be considered in future work on the problem of 
extension growth in root cells. 

Our knowledge of cytokinins and their possible functions in root growth is extremely 
limited. Treatment of excised roots growing in culture with a cy to km in, in combination 
with an auxin, results in a stimulated cell division rate. However, this usually docs not lead 
to an increased rate of root elongation, but to a stimulation of division of cells which are 
destined to differentiate into vascular tissues. Thus, it appears likely that endogenous cyto¬ 
kinins arc involved in the control of vascular development in the root, but it is not possible 
at present to determine any function for cytokinins in root elongation growth. 


HORMONES AND THE GROWTH OF LEAVES 

Once a leaf pnmordium has been initiated at the stem apex, it starts to grow and develop 
by the processes of cell division, cell enlargement and differentiation (see Chapter 2). One 
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can reasonably assume that these processes are under the controlling influence of growth 
hormones, one of which would be expected to be auxin. However, it cannot be said that 
auxin is involved in all aspects of leaf growth. It lias been found that auxins will, depending 
on their concentration, cither stimulate or inhibit the growth of midrib and veins but have 
little effect on the incerveinal mcsnphyll tissues. At the present time little is known of the 
hormonal control of leaf growth, other than that auxin appears to be necessary for vein 
growth. 

It has been suggested that a growth hormone synthesized in the roots controls niesophyll 
growth. Thus, it is found that if young root tips are cut off as fast as they are formed in, for 
example, the horseradish plant (Anwracca lapathifolia), normal development of the inter- 
vein al tissue fails to occur (Fig. 5. ID). Evidence that roots export cytokinins and gibberellins 
to the shoot may provide a partial explanation for failure of niesophyll growth in such 
root-pruning experiments. 



He. 5. It), hffcct ot repeated excision ot root tips upon the growth ol niesophyll in leaves of the 
horseradish plant (/tiMorumi Ltpathifolia). The smallest and most deeply lobed leaves are the 
youngest. (Photographed by Mr. J. Champion, from a plant grown by l)r. J. Dore.) 


It lias been found that treatment ot some plant species (e.g. Tritictun and Phascohts) with 
gibber el lie acid leads to a stimulation of leaf growth. Other plant species (e.g. Piston sativum) 
do not respond in this way, and in fact niesophyll growth may be retarded following 
gibberellm tre.trment. In those species where gibbcrellin treatment does stimulate leaf 
growth, the niesophyll and vein tissues respond nearly equally. Similarly, excised leaves or 
leaf disks will, if floated oil the surface ot a solution of gibbcrellin or evtokinin, often expand 
due to growth of the niesophyll. Thus, generally speaking, gibberellins and cytokinins 
differ from auxins in their effects on leaf growth, in that the former two classes of hormone 
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can promote mesophyll growth whereas auxins do not. Tliis immediately suggests that 
endogenous gibberellins and evtokinins are important regulators of the growth of leaves. 
In fact it has been found that gibberellins are normally present in leaves* and that the con¬ 
centration present is closely related to the growth rate of the leaf, so that young, rapidly 
growing leaves contain more gibberellin than do older leaves (Fig. 5.11). Natural gibbcrel- 
lins may, therefore, be of importance in the control ot mesophyll growth. We know little 
about endogenous cytokinins in leaves, although some experiments have shown that syn¬ 
thetic evtokinins can replace the need lor a root system lor healthy leal growth. 



Age of first leot doys 


Fu,. 5.11. Kebtiomhip between growth rate (histogram) ami gibberellin content (graph) in 
first leaf of dwarf French be.u\{PIui<cohtf vul^arif). Maximum gibberellin content of the leaves 
occurred at 7 days of age, coinciding with the period of most vigorous leaf expansion. (From 
A. W. Wheeler, J. lixp. Hot. n, 217-20, \'M.) 


In cereal and grass species, a late stage of leaf development involves unrolling of the 
lamina —i.e. much of longitudinal and lateral expansion of the leaf takes place with the leaf 
roiled into a cylindrical form with the adaxial surface innermost. 1 he physiological basis 
of this leaf-unrolling process, which is under phytochromc control, is considered in more 
detail in Chapter 8. 

Wc have already mentioned that certain phytochromc-comrollcd responses may be 
mediated through changes in ethylene release, and in view of the inhibitory effects which 
can be exerted by exogenous ethylene on leaf expansion one cannot exclude the possibility 
that this hormone, also, may normally participate in leaf growth and differentiation, 
although it should be recognized that very little evidence is available to suggest this. 

The growth of leaves may, therefore, be under the controlling influence of auxins, gib- 
berellins, evtokinins and ethylene, together with nutrients and perhaps other unknown 
hormonal factors, but it should be borne in mind that current knowledge is meagre and 
f ragmen tan'. 
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Wc saw earlier (p. 34) that developing buds and leaves exert a stimulating effect on the 
development of the vascular tissue in the internodes below. Moreover, experiments with 
chicory (deluvium intybiis) callus cultures showed that when a shoot bud was grafted on to 
the top of the callus, differentiation of vascular tissue, connected to the base of the bud, 
was induced (big. 3.12). The stimulus arising from the bud which caused the initiation of 
vascular tissue was shown to be capable of passing through a layer of cellophane placed 
between the bud and the underlying callus tissue. Subsequently, it was shown that auxins 
such as IA A can produce the same effects in the callus as an implanted bud. Cambial tissue, 
as well as xvlcm and phloem, can be induced in several types of callus tissue by the applica¬ 
tion of IA A, especially if applied in association with sucrose. Moreover, extended applica¬ 
tion of 1AA to stems and roots of pea will induce the formation of vascular tissue in the 
cortex (Fig. 3.13). These observations suggest that the stimulating effect of developing 
leaves on the initiation of vascular tissue may be mediated partly by the endogenous 1AA 
produced by the leaves. 

Tiff* conclusion is also supported by observations on the regeneration of vascular tissue 
following wounding. If one of the vascular bundles of Colctts is severed by a lateral cut, 
regeneration of the strand occurs through the pith (and connects the severed upper and 
lower ends of the bundles (big. 3.14)). The pattern iff'regeneration is basipetal, i.e. it starts 
from the upper severed end of the original vascular bundle and travels from cell to cell 
diagonally through the pith. The regenerated strand is formed by the differentiation of 
parenchymatous pith cells into xylem and phloem, bur subsequently cell division occurs 
and a cambium is formed. It has been shown that the presence of a leal above the cut in the 
stem is essential for the regeneration of the strand, but the effect of a leaf can be replaced by 



Fie. 5.13. The induction ot* vascular tissue in chicory (Cic/u*r/imi mfyfois) callus by a chicory 
shoot bud implanted on the upper suface. The regenerated vascular tissue in the callus becomes 
connected with that of the bud itself. (After G. Camus. Compt. Rend. Acad. Sci. Paris, 2 19 ,34, 

1944.) 
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bn:. 5.13. Induction ot xvlcm by auxin in pea roots. Irfi: 3-day-old smiling illustrating the cuts 
nude to separate the part of the root used for experiments. Rift hr: treated roots in face view. 

IAA applied laterally at the position indicated by black protrubcranco. The dotted lines indicate 
newly formed xylem through the cortex. (Adapted front T. Sachs, .3mi. fJor. p, 7H| MO, 19(>H.) 



bit. 5.14. Vascular regeneration in Coleus, b ft: regeneration of connection between several 
vascular bundles in stein. Ri$ht: ditfcrentiation ol parenchyma cells into reticulate xylcrn cells in 
the development ot this strand. Arrow shows the direction of its development, (broin E. W. 
Sinnott and R. Bloch, Anur.J. lint. 32,151,1945.) 


applying auxin to the petiole stump, suggesting that auxin stimulates the differentiation of 
xvlcm and phloem and the formation of a cainbial layer in the pith cells. 

The xylem elements arc formed by the development of reticulate ligmficd thickenings on 
the walls of the pith cells. During the early stages of differentiation of these cells granular 
strands (shown to contain microtubules which lie parallel to the future thickenings in the 
wall) appear in the surface layers ot the cytoplasm and mark out the position of the lignificd 
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bands which later develop on the walls. Moreover, the thickenings in one cell are opposite 
those of the next, so that the pattern can be observed to extend across the boundary wall 
between two adjacent cells. These observations strongly suggest that the partem of differen¬ 
tiation in one cell may induce similar changes in an adjacent cell, a phenomenon known as 
liomeo^iiittii induction. How this homcogenetic induction is achieved is nor known, but it 
may involve other factors, in addition to IAA. 


HORMONES AND CAMBIAL ACTIVITY 

As well as stimulating the initiation of vascular tissue, hormones also appear to play an 
important role in cambial activity. I he first demonstration that auxin stimulates the cam¬ 
bium to divide came from experiments performed by Snow in 1935 with sunflower (Helian- 
t/ms animus) plants which had been “decapitated” (i.e. the apical bud was excised). In such 
decapitated plants, it was found that the fascicular cambium of young internodes failed to 
divide, and also that interfascicular cambium did not form. Ill other words, excision of the 
apical bud prevented the formation of secondary vascular tissues (xyleni and phloem). 

I lowever, when IAA was applied to the upper cut end of the stem in decapitated plants, then 
normal cambial activity and secondary thickening resulted, suggesting that both the initia¬ 
tion of cambium in the stem, and its activity once formed, depend upon a supply of auxin 
from the apical bud. 

On the other hand, a number of investigators have obtained results that suggest that 
the initiation and activity of the cambium may not always be regulated by auxin from 
young leaves. For example, a series of experiments by Siebers during the early 1970 
showed that the formation of interfascicular cambium still occurred in decapitated young 
hypocotyls of Ricinus communis, or even in isolated segments of liypocotyl tissue, and lie 
concluded that any requirement for growth hormones in cambium initiation must be satis¬ 
fied by sources within the liypocotyl itself. However, Siebers did find that addition of IAA, 
GA. } , or kinctin resulted in enhanced development of the cambium once it bad formed, 
which indicated that these types of growth hormone may normally be concerned in the 
regulation of cambial activity in the liypocotyl. Of these growth hormones, GA a was found 
to have by far the greatest stimulatory effects on cambium development and activity, and’ 
sugar, in the form of sucrose, was also important. These findings, and similar ones by other 
workers, suggest that one cannot regard the apical bud as the only source of auxin in the 
regulation of cambial initiation and activity in stems of herbaceous plants. 

Rather more is known of the regulatory factors concerned in cambial activity in woody 
species of temperate zones. In these, there normally occurs seasonal variation in the rate of 
cell division activity in the vascular cambium of both shoot and root, and differences in the 
patterns of differentiation of cambial derivatives at different times of the year. During the 
winter months there is no cambial activity in such trees, but in the spring cell-division 
activity starts again and the newly formed cells differentiate into xylem and phloem ele¬ 
ments. 
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In dirt use-porous ungiospennous trees (in which ill xylcm vessels have a similar diameter 
no matter when during the growing season thev develop) such as sveamore (.■hvrjwiiiAv 
/.i/afijNus), camtual activity in the spring commences nnmediatelv Ivlow expanding buds 
and then spreads slowly downwards, i.e. hasipetallv, through the twigs tv' the branches, trunk 
and eventually into the roots. An jcropctal wave ot cambial activitv occurs onlv in the 
roots. Thus, the initiation ot cambial activitv follows the same pattern as polar movement 
ot auxin in stems and roots. Young growing buds in spring are known tv' transmit relatively 
large amounts ot auxin to the stem tissues, and it therefore appears likelv that the reawaken¬ 
ing oi cambial activity in diffuse porous species is a response to auxin from the buds. This 
idea is supported by various pieces ot evidence. I bus, disbudding prevents the onset ot 
cambial activity, but application ot auxin tv' the upper end ol a disbudded twig results in 
normal basipeta! spread ot cambial activitv. 

Not onlv is the activation ot cambium regulated by auxin, but the ditferemiaiion of its 
derivatives is also atfected by prevailing levels ot auxin. It is also known that auxin is not the 
onlv hormonal regulator ot cambial activity and vascular tissue differentiation. This is most 
easily and convincingly demonstrated in experiments in which lengths ot stem trom a 
dirt use-pon'tis species are taken in earlv spring, bet ore bud expansion has started, removing 
the buds, and applying growth hormones, either dispersed in lanolin or in aqueous solution, 
to the upper cut ends ot the stem segments. Attcr about 2 weeks the stems are sectioned for 
observations on cambial activity. With no applied hormone there is no cambial division, 
but it IA A is applied there is limited cambial division and some differentiation of new xylcm 
elements can be observed (big. 5.15). It (iA ;i alone is applied, cambial division occurs, but 
the derivative cells on the inner (xylcm) side remain undifferentiated and retain their proto¬ 
plasmic contents; however, careful observation shows that some new phloem, with differ¬ 
entiated sieve tubes, is formed in response to C i A 3 . When 1A A and (!A 3 are applied together, 
there is great I v increased cambial division and normal, differentiated xylcm and phloem 
are formed. By measuring the width ot the new xylcm ami phloem it is possible to study the 
interaction ot auxin and gibberellin, and other regulators, in a quantitative manner (Pig. 
5.16). Experiments such as these suggest that not only can the rate of cell division in the 
cambium be regulated by levels of auxin and gibberellin, but also that the production and 
differentiation of xylcm initials is favoured by a relatively high ratio of auxin to gibberellin, 
whereas phloem formation occurs when the gibberellin level is high. 

This latter conclusion might be thought to indicate that the differentiation of cambial 
derivative cells into xvlem on the inner side and into plih »em on the outer side is determined 
by differences in the ratios of auxin to gibberellin concentrations on the two sides. How¬ 
ever, a different conclusion is indicated by the results of experiments by Sicbers, who carried 
out experiments with young seedlings of Ricinus r omniums. In this species, as in many other 
herbaceous plants, cambial zones arc formed in the ground tissue ("interfascicular tissue") 
separating the primary vascular bundles and arc connected to the cainbia of these bundles, 
so forming a continuous cambial ring. 

Siebcrs cut out small pieces of interfascicular tissue from young hypocotyls at a stage 
before there was any sign of the formation of uitcrfasacular cambium. These pieces were 
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hit;. 5. I S. F fleet of juxin and gibbcrellin on cambial activity in poplar (Pt>/>ijfiu rohusta) twigs. 
7 op: twig treated with gibberellie acid (GA a ); o’lim’: treated with indole-3-acctic acid {I A A); 
below: treated with 1A A and CA 3 in combination. 


reversed and replaced in the hvpocotyls. I.ater examination revealed that interfascicular 
cambium was initiated in the reversed pieces of tissue, bur the pattern of differentiation had 
been reversed so that xylem formed on the OHfcu/e and phloem oil the inside. Moreover, no 
direct connection was established between the interfascicular cambium and that of the 
primary vascular bundles. These observations suggest that although the originally complete 
ring of procambium at the shoot apex (p. 38) breaks down into separate strands (each of 
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Fu;. 5.1(>. Quantitative effects! »f IA A .mil CIA ;1 on cainhial .utiviiy of poplar. I he two hormones 
were applied in lanolin in various combinations at the concentrations shown. Vertical axis 
indicates width ot new xyleni and pholoem in eye-piece units. See text for explanation. (From 
P. F. Warcing, C'. Hanncy and J. Ibgby, in 7'ftc / erm.jfien of IIVW in Percst Trccy, Academic 
Press, New York, pp. .12.V44, 1W>4.) 


which develops into a primary vascular bundle), the regions between strands retain some 
propensity to develop later into cambium, even though thecells there may he morphologic¬ 
ally indistinguishable from those of- the surrounding ground tissue. Moreover, the normal 
pattern ot differentiation ot cambial derivatives (giving xyleni on the inside and phloem on 
the outside) appears to be determined by the potentialities ot the cells themselves and not by 
extrinsic factors, such as hormones, although the latter, especially IA A and gibbcrcllins, arc 
necessary tor cambial division and cell differentiation. 

Little is known ot the role ot cytokinins in normal cambial activity, but studies with iso¬ 
lated pea-stem sections have indicated that these* hormones can also stimulate cambial 
division and increase the lignificatinn of the developing xyleni cells. Ethylene and abscisic 
acid also affect cambial activity when applied to plants, but there is not yet any evidence 
that these substances play a regulatory role in the natural control of cambial division and 
differentiation of vascular tissue. 

Cambial activity is known to be affected by various noil-hormonal factors, such as 
sugars and water availability, as well as by environmental factors, such as temperature, a 
fact which forms the basis of “tree-ring analysis” for dating in archaeological studies and for 
the study of long-term climatic changes. 


HORMONES AND FRUIT GROWTH 

Probably because of the economic importance of fruits, the physiology of their growth, 
development and ripening has been very intensively studied. Most botany textbooks 
classify “fruits” according to a rigid and complicated system based upon morphological 
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characters, but J. P. Nitsch has pointed out that a fruit is a physiological rather than a mor¬ 
phological entity. To the physiologist, and incidentally the layman, a “fruit” is simply a 
structure which arises by development of tissues which support the ovules. Nitsch has 
pointed out that such a view is valid even for seedless fruits because ovules were initially 
present in them. 

The early growth of the ovary, which occurs during development of the flower, involves 
cell division but little cell vacuolation. In many species, cell division ceases at or shortly after 
anthesis {flower opening) and the subsequent growth of the fruit following pollination is 
primarily due to an increase in cell size rather than in cell number. For example, in tomato 
(Lycopersicum eseulentum) and blackcurrant (Ribes nigrum), cell division ceases at anthesis and 
the whole of the subsequent growth is due to cell expansion. In such species, the final size 
will he a function of the number of cells already present in the ovary at anthesis. On the 
other hand, in some species (e.g. apple) cell division may continue for a time after pollina¬ 
tion has occurred. 

Fruit colls may enlarge by vacuolation to relatively enormous sizes, and mature fruits of 
water melon (Citmllus vulgaris) consist mainly of cells so large that they are distinguishable 
individually by the naked eye. 


Fruit Set 

The early development of the ovule and ovary takes place along witli other aspects of 
flower development (p. 43). In some species, the ovary ceases growth at the time of, or 
before, anthesis (Fig. 5.17). In others, growth goes on for a time after anthesis and prior to 



Days before Days offer 
anthesis anthesis 


Fie. 5.17. Growth curves ot ovary of CWii»n'> .ihchm.i. Growth in unpollinatcd ovaries ceases 
soon alter anthesis, but pollinated ovaries show a typical sigmoid growth curve. The decrease 
in ovary diameter scon in unpollinatcd ovaries is due to “shrivelling”. (From J. P. Nitsch, 
Quarterly R? i\ fliof. 27 , 33-57, 1952.) 
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pollination. In both eases, further growth ot the ovary takes place only il pollination is 
effected. Should, tor some reason, pollination not occur, then growth and development ot 
the fruit ceases. Failure ot the pollination mechanism usually results in the shedding from the 
plant ot the unfertilized flower, often mediated by the formation of a separation, or abscis¬ 
sion layer {see p. 298) in the peduncle. Successful pollination, on the other hand, is followed 
by rapid growth of the ovary and trmt development begins (Fig. 5.17). At the same time, 
the petals and stamens wither and otten abscind. The start ot ovule growth and withering of 
stamens and petals marks the start ot fruit development, and this phase is often called Jruit 
set. The process of pollination, whether or not it is followed by fertilization, is apparently 
sufficient to cause an initial stimulation of growth in the ovary and other parts of the future 
fruit. This is shown by the tact that in many fleshy fruits the increase in ovary growth mav 
start before there lias been sufficient rime for fertilization to occur. Moreover, even 
“foreign’' pollen, derived from an unrelated species and hence unable to effect fertilization, 
may cause marked stimulation of ovary growth. 

The stimulatory effect ot pollen on ovary growth appears to be due to the auxin which it 
contains. In 1909, Fitting observed that water extracts of orchid pollen were able to induce 
swelling ot unfertilized orchid ovaries and withering ot the petals, and it was shown later 
that pollen is a rich source of auxin. Finally, it was shown that pure preparations of IAA 
would, if applied to unfertilized flowers of a number of species, induce fruit set in the 
absence of any pollen. Among the species in which fruits can be set by auxins arc tomato, 
pepper, tobacco, holly, figs and blackberry. In these species, fruits which have been set by 
treating unpollinated flowers are seedless. The production ot such seedless fruits is called 
partheuocarpy. Recently it has been found that ethylene will simulate the effects of pollen on 
ovary swelling and petal withering in various species. Thus, it is possible that some effects of 
auxins on ovaries are mediated through influences on ethylene production. 


Fruit Growth 

Although pollination may stimulate the initial swelling of the fruit, in most species 
further development of the fruit appears to be dependent upon the presence of developing 
seeds, and hence can only occur when fertilization is effected. Thus, in many fruits, such as 
grapes, blackcurrants, tomatoes, apples and pears, strong correlations exist between the 
final size of the fruit and the number of fully developed seeds it contains. In the case of the 
strawberry, Nitsch showed by elegant surgical experiments that receptacle growth is 
dependent upon achcnc development (hg. 5.18). 

The interaction between the growth of the ovary and that of the embryo and endosperm 
is shown by the changing growth rates of these different parts of the fruit at different stages 
of development. In some instances the growth curve for the fruit is sigmoid (c.g. in apple) 
and in others it is doubly sigmoid (Fig. 5.19). In peach, the changes in growth rate of the 
pericarp can apparently be correlated with changes in growth rate of the developing seeds. 
The stimulatory effect ot the developing seeds upon the growth of pericarp tissue appears 
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to be due, : t least partly, to the auxin which they produce. Developing seeds arc rich sources 
of auxin and it has been shown that there is a declining gradient of auxin concentration 
within the tissues of the fruit, with the highest concentration in the seeds, less in the placenta 
and least in the carpel wall. This gradient is consistent with the view that auxin is produced 
in the developing seeds and moves outwards from there to the other parts of the fruit. 



M 


Ik;. 5.IS. Correlation between achenc development and receptacle growth in strawberry. 
A: only one fertilized achcnepresent; 13: three fertilizedachencspresent; C: left, control fruit; 
riy/if, fruit with three vertical rows of achencs. I): left, fruit with two rows of achenes; right, 
control fruit. Ii: three strawberries of the same age; lift, control; middle, all achencs removed 
and receptacle smeared with lanolin paste; right, all achencs removed and receptacle smeared 
with lanolin paste containing 100 ppm ot the auxin jS-naphthoxyacctic acid. (Original prints 
kindly supplied by Dr. J. P. Nitsch, Laboratoire du Phytotron, Cnt-sur-Yvette, France. From 
Anur. J. Bot. 37 , 211-15, 1950.) 


A good example of the relationships that have been found between endogenous auxins 
and fruit growth has come from studies of berries ot the blackcurrant, which show .1 double 
sigmoid growth curve (Fig. 5.19). Two auxins were found in the berries, one acidic (possible 
[AA) and the other neutral (possibly IAN). These two auxins were found to be produced 
mainly at the times of endosperm and embryo development, which in turn coincided with 
the times of maximal growth rate of the fruit. It appears likely, therefore, that the first grand 
period of fruit growth in blackcurrant is under the control of auxins produced in the 
developing endosperm, and that the second grand period is induced by auxin originating in 
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the growing embryo. Similar patterns of auxin production in relation to truit growth have 
been reported for other species by several workers, but there are other conflicting reports 
that no direct correlation occurs in some species between auxin content and fruit growth 
rates. 


Development^ peood* of' 

— F ndosperm 
— Embryo 



Fic;. 5.19. Changes in concentration of indole-3-acctie acid (IAA) and an unidentified neutral 
auxin in the blackcurrant berry in relation to the double sigmoid growth t urve of the berry and 
the main developmental periods of the endosperm and embryo, (f rom S. T. C. Wright, 
J Hort. Sri. 31 ,1%, 195C) 


It is important to realize that despite the evidence implicating auxins in flower and fruit 
growth, there is also a considerable likelihood that auxins are not the only hormones in¬ 
volved. it has proved impossible with many plant species to induce parthcnocarpic fruit 
development by auxin treatment, but it has proved possible to do this by spraying the 
flowers with a solution of gibbercllin (e.g. in members of the genus l*runus such as cherries, 
peaches and almonds). However, indicative as the effects of applied gibbcrellins on fruit 
development may be, this docs not in itself provide incontrovertible evidence that intern¬ 
ally produced gibbcrellins are concerned in the normal growth of fruits and seeds. Conse¬ 
quently, studies have been made of the gibbercllin contents of various fruits and seeds at 
different stages of their development, and in general it has been found that young develop¬ 
ing seeds contain relatively large amounts of gibbcrellins. As the seeds mature and their 
growth slows down there is a simultaneous fall in their gibbercllin content. It appears likely 
that gibbcrellins move out from the young developing seeds in a similar manner to that 
suggested for auxin, and that both types of hormone are involved in the control of fruit 
growth. 
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The third type of growth hormone likely to be participating in the processes of growth in 
a fruit arc the cytokinins. As discussed earlier (Chapter 3), cytokinins are growth hormones 
particularly concerned in the control of cell division, and it is, therefore, likelv that the 
active cell division which is known to occur in young developing fruits is under the con¬ 
trolling influence of this type of hormone. Evidence that cytokinins are involved in fruit 
growth is afforded by experiments which have shown the presence of evtokinins in the 
v< >ung fruits of apple, banana and tomato during the stages of growth in which cell division 
is most rapid. I lms, we may regard fruit growth and differentiation as being under the con¬ 
trol of several types of growth hormone, a situation which probably obtains in all phases of 
plant development. 


Parthettotwpy 

We have already seen that in some species parthenocarpic fruits may be produced by 
treating unpollinated flowers with auxins or gibberellins. In addition to the experimental 
production of such fruits, natural parthenocarpy may occur in certain species. Thus, horti¬ 
cultural varieties of bananas, pineapples, cucumbers, tomatoes and figs exist, in which 
seedless fruits are normally produced without the need for any exogenous hormone. In 
some species, fruits are formed without pollination, while in others pollination is necessarv 
but fertilization does not occur; in others again, fertilization occurs but the embryos abort 
before the fruit matures. It is not known how the growth of these seedless fruits is controlled, 
but it seems possible that in some cases the maternal tissues, such as the placenta, may be 
capable of producing auxin in the absence of normal embryos. Thus, it has been shown that 
the ovaries of unopened flowers of parthenocarpic varieties of orange and grape have a 
higher auxin content than do those of normal seeded varieties. Moreover, it lias been found 
that young parthenocarpic fruits of cucumber contain seed-like structures, but which lack 
embryos and endosperm, and it is possible that these are centres of auxin production. 

1 he production of fully developed fruits by treatment with a single application of auxin 
to the flowers (p. 126) also poses a number of problems, since it is not to be expected that the 
auxin which is applied in this way will itself be sufficient to supply the needs of the develop¬ 
ing fruits over several weeks. However, it has been found that pollination stimulates the 
production of auxin by the tissues of the ovary itself in some species, such as tobacco, and it, 
is possible that external application of auxin may similarly trigger oft* the production of 
auxin by certain tissues of the fruit, and that once this has occurred, the production of endo¬ 
genous auxin will meet the requirements for the further development of the fruit. Applica¬ 
tion of auxin has been shown to lead to growth of unfertilized ovules, wliich develop 
normal looking seed coats but which contain no embryos. It is interesting to note that in 
some species, such as olive, hops and maize, application of auxin will stimulate initial fruit 
set, but further development of the fruit does not occur without pollination. Possibly, in 
such species the exogenous auxin does not stimulate the production of endogenous auxin 
necessary tor further fruit development. 
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The various growth processes that proceed simultaneously in a plant arc not independent, 
but are closely linked with one another. Thus, as a stem increases in length by the activities 
of the apical mcristem, its strength is increased by activities in the cambium leading to in¬ 
creased girth and rigidity oi the older parts, so enabling the whole shoot to stand erect. 
Further, as the shoot increases in size, so does the need tor water and mineral nutrients 
increase, and this is catered tor by a nicely balanced relationship between shoot growth and 
root growth. As the shoot increases m bulk, the size of the root system becomes propor¬ 
tionately larger, which allows tor the additional mineral nutritional requirements of the 
shoot to be met. I o some extent these growth correlations, as thev are called, are explicable 
in terms of the availability of nutrients, or food factors, and the competition between 
grow ing regions for these substances. Thus, shoot and root growth are related to one 
another, and this is probably due in part to their mutual nutritional dependence; the shoot 
supplies the organic material which the root is unable to manufacture for itself, and in 
return obtains from the root the water and mineral salts to which it does not iself have 
direct access. In the same way, vegetative growth is very reduced when a plant is fruiting, 
probably mainly as a consequence of the diversion »if the available food materials into the 
developing seeds and fruits (see Chapter 12). 

This is certainly not the whole story, however. Competition for available nutrients don 
not adequately explain why active growth at any one time is usually restricted to only a few 
of the many places in a plant where it is potentially possible. Ail example of this is the fact 
that the apical mcristem of a shoot is usually in a state of active growth, whereas growth of 
the axillary buds below it is often strongly inhibited. This characteristic of shoot growth is 
known as apical dominance or correlative inhibition ot buds. A related phenomenon is seen in 
the inhibiting effect of the main root apex upon the initiation of lateral roots in the pcricyclc 
cells. Removal of the root apex causes an increase in lateral root formation in the remainder 
of the root, a result analogous to the effect of removing the shoot apical bud upon the 
growth ot axillary buds. However, the mechanism by which these phenomena occur is not 
necessarily the same in shoot and root. 

It is known that growth hormones play important roles in the correlation of growth in 
different parts ot the plant. It is likely that all growth correlations are in one way or another 
affected by patterns of hormone distribution within the plant. We have already seen several 
examples of correlative effects in plant growth which are mediated by growth hormones, 
as in the stimulation of cambial activity by auxin and gibbcrcllins arising in the buds of 
woody shoots, and the stimulation of fruit growth by hormones produced by the develop¬ 
ing seeds. Wc shall now consider the role of hormones in apical dominance. 


Apical Dominance 

The apical bud of a shoot usually grows much more vigorously than the axillary buds, 
despite the fact that it is apparently the least favourably situated bud in relation to the supply 
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of organic and inorganic nutrients from the mature leaves and the root system. There is a 
great deal of variability between species with respect to the degree of dominance of the 
apical bud over the lower axillary buds. In some species, such as tall varieties of sunflower 
(Ifelianthus animus), the dominance is complete and extends over almost the whole length 
of the stem. In others, such as tomato, the dominance of the apical bud is weaker, and the 
axillary buds situated only a little way below the main shoot tip grow out, resulting in a 
bushy shoot system. 

In many species the dominance of the shoot tip becomes weaker as the plant get older. 
I his is seen clearly in plants such as sycamore (Acer pseudoplatanus) or ash (Frax/wis excelsior) 
where the early years of growth are characterized by strong growth of the leading shoot, 
whereas in later years a branching habit is seen. Even in herbaceous annuals there is often a 
weakening of apical dominance to 1 wards the end of the growing season, and in those species 
where the apical mcristem eventually changes to produce a terminal flower, this often 
coincides with a release of axillary buds from correlative inhibition. 

If a shoot is decapitated, i.e. the apical bud cut oft, then one or more of the lower axillary 
buds grow out. Usually one of the outgrowing laterals becomes dominant over the others, 
exerting an inhibitory influence on their growth. Where this happens it is frequently the 
uppermost of the axillary buds which becomes the dominant shoot. Thus, some form of 
signal arises in an actively growing dominant shoot bud. The effects ot this signal arc most 
obviously expressed in the correlative inhibition of lateral buds and shoots, but its influence 
is also seen in other morphogenetic phenomenon, such as in the orientation of lateral shoots, 
branches, rhizomes and tubers and the pattern of their differentiation. 

Some experiments conducted in the first two decades of this century yielded results 
which indicated that young growing leaves of the apical bud synthesized a diffusible corre¬ 
lative growth inhibitor that normally moved through only living cells in the plant. The 
discovery ot auxin (indoIe-3-acetic acid, IA A) in the early 1930s, and the realization that the 
young developing leaves are the primary sources of auxin in the shoot, led to investigation of 
the possibility that the transmission of IAA from the apical bud constitutes the correlative 
signal in apical dominance phenomena. It was soon found, by Thimann and Skoog in 
1934, that exogenous IAA could substitute tor the apical bud in maintaining inhibition of 
axillary buds in bean plants. This observation has been confirmed innumerable times in 
succeeding years for many species (Fig. 5.20). A few exceptions were later reported, especi¬ 
ally Coleus, in which it was found that exogenous auxin did not exert significant inhibition 
on axillary bud growth. Nevertheless, it has recently been demonstrated that even in 
Coleus the inhibitory effect of apically applied exogenous auxin upon axillary shoots is 
revealed when the plants are rather nutritionally deficient. There seems little doubt, there¬ 
fore, that the synthesis of IAA in the apical region of the shoot, probably in the young 
expanding leaves, and its transport down the stem constitutes a basic component of the 
mechanism of correlative inhibition. 

The way in which auxin causes the inhibition of axillary bud growth is not, however, 
fully understood at the present time. It appears paradoxical that auxin, which we have so 
far been considering as a promoter of growth, should cause an inhibition of growth in 
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Hu;. 5.20. Effect of hormones on outgrowth of axillary lmd> of pej plants (Pjxmmi s«t/ii'Nm) 
following decapitation. The hormones referred to were applied in lanolin (concentration 
1000 ppm) to the decapitated stumps of the plants. Hie ordinates show the totj| growth of 
the three remaining axillary buds per pea plant. (1. 1). J. Phillips original data.) 


axillary‘ buds. To resolve this contradiction it was suggested In Thim.uin, in 1^37, that the 
optimal auxin concentration tor bud growth is lower than tor stems and that the lnid is 
inhibited by the “supra-o primal” auxin concentration (I : ig. 5.5A) normally present in the 
stem, as a result ot its synthesis in the voting expanding leaves, and hasipet.il transport from 
there. This is known as the “Direct Theory” o( auxin inhibition oi lateral buds. It is, of 
course, based on the assumption that auxin enters lateral buds from the stem. 

1 he validity ofTliimann’s direct theory is considered doubt! ul today. One of the princi¬ 
pal objections to the theory is that determinations ot the auxin contents of inhibited lateral 
buds in Luptnus, I J isum sativum and Syringa vulgaris have revealed that the auxin levels, far 
from being supra-optimal, are, in fact, sub-optimal. Also, it has been found that applications 
ot low concentrations ot auxin to the stumps ot decapitated Lupitms and Pltascolus multi - 
florus plants actually accelerated growth of laterals, and that only at higher auxin concen¬ 
trations did inhibition occur. Consequently, it is now generally considered that auxin docs 
not exert its inhibitory cficct on lateral buds in such a direct manner as that originally pro¬ 
posed by Thimann. 

One of the early hypotheses for apical dominance assumed that since the apical meristem 
is the first-formed shoot meristem in the germinating seedling, then it would continue to 
command a preferential supply of metabolites as these moved along their concentration 
gradients. This was known as the “Nutritive Theory” of apical dominance. 

If the nutritive theory is correct, one might expect that the dominance of the apical bud 
over the lateral buds to be most clearly manifest when a plant is deficient in nutrients, for 
example, when growing in soil low in necessary mineral elements. This has been clearly 
shown to be the case for several plants, particularly flax (Littum usitatissimum) in which 
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lateral growth is entirely suppressed by the terminal bud under conditions of mineral 
nutrient deficiency, whereas lateral growth occurs freely under conditions of high mineral 
(particularly nitrogen) nutrition. One can assume that when nutrients are freely available to 
the plant, there arc sufficient “left over” after the apical bud has received its necessary quota 
to allow movement of nutrients into the lateral buds. The effect of the apical bud in flax 
plants growing under high or low nutrient conditions was exactly duplicated by TAA 
applications to the stump of decapitated plants. 

Although it is undoubtedly true that the apical bud docs obtain more available nutrients 
than the axillary buds, the simple “source-sink” explanation of the nutritive theory does 
not adequately explain why auxin can substitute for the apical bud in correlative inhibition 
of axillary buds. Further, many studies with isotopes such as 32 P-phosphatc and 14 C-sucrose 
have demonstrated that nutrients do indeed move to, and accumulate in regions of high 
exogenous auxin concentration (Fig. S.21). This “auxin-directed” transport of metabolites 
indicates that auxin production in the apical bud, and its basipctal transport, induces move¬ 
ment of available nutrients towards the region of highest auxin concentration, i.c. to the 
apical bud itself. It is not clear how this conics about. One suggestion has been that basi¬ 
pctal Iv moving auxin in the stem inhibits the development of vascular connections (xylem 
and phloem) between axillary buds and main stele, so reducing the capacity of the axillary 
buds to obtain a supply of nutrients via the vascular system. This hypothesis therefore 
assumes that the lowering of the auxin content of the stem which occurs following decapi¬ 
tation in some way results in rapid development of bud-stem vascular connections. Quite a 
number of workers have tested this vascular connection hypothesis in recent years and, 
although results obtained are rather contradictory, the weight of accumulating evidence 
argues against the idea that lack of bud growth is attributable to deficiency in their vascular 
supply. Thus, in many cases it has been found that bud outgrowth commences within hours 
of decapitation of the shoot, whereas vascular connections did not develop until the buds 
were already growing vigorously. In other species it has been found that even completely 
inhilvted buds appear to be served by perfectly adequate-looking xvleni and phloem 
connections. 

Other research has cast doubt upon the basic premise of the nutritive theory, in that it 
has been found that corrclatively inhibited buds contain what appear to be perfectly normal 
levels ol major nutrients, and that feeding inhibited buds in various ways with major inor¬ 
ganic and organic nutrients does not induce their growth so long as the apical bud remains. 
intact and actively growing. 

However, research over the past decade lias indicated that cytokinins play an important 
role in apical dominance. In many plants application ot a cytokinin preparation directly 
onto a corrclatively inhibited bud can release that bud from inhibition in an intact plant. 

I his suggests that inhibited buds fail to develop because they lack cytokinin. We have 
considered elsewhere (Chapter 12) evidence that cytokinins are synthesized mainly in the 
root system, blit that shoot tissues require adequate supplies of these hormones for their 
healthy functioning. It is possible then that a role of auxin from the apical bud is to direct the 
transport of root synthesized cytokinins so that the apical hud receives preference over the 
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Fio. 5.21. Auxin-directed transport. The effect oflAA on the rate of accumulation of ai l* at the 
top of the stem in decapitated pea plants is shown. The radioactive ® 2 I* was applied to the base 
of the stemjust above soil level. In decapitated plants not supplied with auxin very little accumu¬ 
lation of 32 P occurred at the top of the stem (C). Application of IA A to the top of the stem 
immediately after excision of the apical bud (A) greatly enhanced :<a P accumulation. Curve U 
shows the effect of applying the auxin ft hours after decapitation. (Reprinted from C. H, Davies 
and P. F. Warcing, Plant a, 65 , 1%5.) 


axillarv buds. As considered above, corrclativcly inhibited buds contain low concentrations 
of endogenous auxin, and it is possible that it is their deficiency in auxin which prevents 
them obtaining adequate supplies of cytokinin from the rwits. In support of this view is the 
fact that buds released from dominance by direct application to them of a cytokinin 
normally grow for only a short time, after which apical dominance is reimposed, and 
continued growth occurs only when auxin (and occasionally gibbcrcllin as well it has 
been found) is subsequently applied to the bud. A possible explanation for this feature is 
that the applied exogenous cytokinin is catabolizcd by the growing bud before its young 
leaves have acquired the capacity to synthesize sufficient auxin to induce cytokinin trails- 
port into the bud. Additional evidence that cytokinin levels limit growth in corrclativcly 
inhibited buds is supplied by cytological studies that have revealed that cell division activity 
is suppressed in the apical meristems of such buds. Much evidence exists that cytokinins 
play particularly important roles in the natural regulation of cell division activity in plant 
cells (Chapter 3), and application of a cytokinin to an inhibited bud docs indeed result in the 
immediate onset there of cell division activity. 

Available evidence suggests that gibbcrcllins may not be directly involved in the control 
ofapicaldominancephenomena in the way that auxins, and cytokinins arc. Thus, gibbcrcl¬ 
lins do not substitute for the apical bud in the correlative inhibition of axillary buds (Fig. 
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5.20), nor do they cause the release of buds from correlative inhibition (cytokinins can do 
so). Application of exogenous gibberellin to an intact plant often results in an increase in 
apical dominance, but this is probably due to effects on internal auxin level and distribution 
in the gibberellin-treated plants. 


Hormonal Interaction in Stolon Development 

A striking example of the importance of hormonal interaction in the control of shoot 
growth is seen in stolon development in the potato plant. The stolons are axillary shoots 
which normally arise from the basal nodes of the stem below the soil surface. They differ 
from the erect, leafy axillary shoots which arise on the aerial part of the shoot in that they 
have (1) only rudimentary leaves, (2) elongated internodcs, and (3) poor development of 
chlorophyll (even in the light), and (4) they grow horizontally. Apical dominance evidently 
plays an important role in stolon development, since if the aerial shoot is decapitated and 
all axillary shoots are removed from it, the stolons will turn up and produce normal¬ 
looking, erect leafy shoots. 

Stolons are not normally formed on the upper, leafy part of the aerial shoot, but they may 
be induced to develop by decapitating the shoot and applying exogenous hormones. If 
IAA alone is applied to the stump of a decapitated shoot, the uppermost axillary shoot is 
partially inhibited, whereas if GA 3 alone is applied, extension of this axillary is promoted. 
My contrast, when IAA and GA 3 are applied together to the decapitated stem, the develop¬ 
ment of the uppermost axillary is dramatically changed and it becomes a horizontal, stolon¬ 
like structure (big. 5.22). If kinetin alone is applied to the decapitated stem there is no 
observable effect, but if kinetin or benzyladenine is applied directly to the tip of a natural or 
of an experimentally promoted stolon, the latter very rapidly changes its pattern of 
development and turns upwards to become a leafy shoot (Fig. 5.22). Thus, the development 
of an axillary shoot of potato can be controlled very precisely by manipulating the levels of 
auxin, gibberellin and cytokinin. It seems likely that the natural control of stolon develop¬ 
ment involves a similar interaction between endogenous hormones. 

From the various examples we have considered in this and the preceding chapter, it is 
evident that the correlated and integrated character of tile plant is at least partially attribut¬ 
able to the presence of specific amounts of growth hormones at specific places and times. 
There remains, however, the problem of what it is which controls the precise production 
and distribution of growth hormones within the plant body. 


PLANT GROWTH HORMONES IN AGRICULTURE AND 
HORTICULTURE 


The fact that the mechanism of plant growth-hormone action is not understood lias not 
prevented some of these substances becoming useful tools in agricultural and horticultural 
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Fig. 5.22. Interaction between hormones in the control ot stolon development in the wild 
potato species, Sflliinidii dndi'tjivid. Leafy aerial shoots were decapitated and hormones were 
applied in lanolin to the decapitated stems, as shown. The uppermost axillary shoot showed the 
following responses to hormone: control shoots (treated with plain lanolin) showed outgrowth 
ol leafy axillary shoots; 1AA alone caused some inhibition of growth of axillary; GA a alone 
caused some internode extension in the leafy axillary; l A A - GA ;j caused the axillary to grow 
as a horizontal, stolon-like shoot; when stolons were first stimulated to develop by application 
of 1AA and GA 3 , and then kinctin was applied to the stolon rip, the axillary shoot turned up¬ 
wards and showed normal leaf expansion (From A. Booth, J. Linttean Sot. 51 , UrfV, 1 ( >59, and 
D. Kumar and P. F. Warcing, .Vie Phytol. 71 , Ct3V, Yfl2.) 


practices. The earliest commercial use of a plant hormone was the exposure of fruits to 
ethylene gas to accelerate ripening, a practice which is still common today. Also, we have 
already mentioned the usefulness of auxins and gibbcrcllins in inducing parthcnocarpic 
fruit development (p. 128). Another practical use for auxins is the induction of flowering, 
and consequently fruiting, by spraying pineapple crops with compounds such as 2,4- 
dichlorophcnoxyacctic acid (2,4-D). The prevention of “pre-harvest drop” in apples, by 
synthetic auxin sprays, has also been found to have commercial value. Also, the rooting of 
stem cuttings is enhanced by treatment with various synthetic auxins (Fig. 5,23). 

As we saw earlier (see Fig. 5.5), a characteristic feature of auxins is that above a certain 
concentration, their effect is to inhibit rather than to stimulate growth. It appears that too 
high an auxin concentration disorganizes the delicate machinery of growth. Plants treated 
with an excess of auxin become distorted, with cpinasticaliy curled leaves and split stems. 
They may subsequently die, but not all auxins are equally toxic, and plant species also show 
varying sensitivities to auxins. 

The reason for toxic effects of supra-optiinal auxin concentrations is unknown, but an 
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Fit;. 5.23. Stimulation of root initiation itt bean cuttings. Lift: control cuttings (no auxin treat¬ 
ment) ; middle: cuttings treated with a solution of 5 mg/1 naphthalene acetic acid(NAA); WsjJif: 
treated with 50 mg/1 N A A. (Original print kindly supplied by Dr. L. C. Luckwill, Long Ashton 
Research Station.) 


important aspect is likely to be the stimulatory effect of high auxin concentrations upon 
ethylene biosynthesis. Lack of complete understanding ot the mechanism of their killing 
effects has not, however, prevented their use in the control of weeds among crops plants. 
The removal of weeds by mechanical cultivation is a costly and laborious business, and the 
discovery that spraying a synthetic auxin, such as 2,4-D, over a field can achieve the same 
result has proved of enormous economic value. Of course, many chemicals other than 
auxins, if applied in sufficiently high concentration, are poisonous to plants and can be used 
as weed-killers. The special merits of synthetic auxins such as 2,4-0 are that they will kill 
plants when applied at relatively low concentrations, they are comparatively harmless to 
animals, they are non-corrosive, they are translocated within the plant to kill those parts, 
such as the roots, not reached by sprays and, most important, some auxins are selective and 
can, therefore, be used to kill weeds without damaging surrounding crop plants. As a 
general rule, cereals are fairly resistant to applied auxins, whereas a number of dicotyledo¬ 
nous weeds are very sensitive and arc killed. Thus, the weed known as yellow charlock 
(Sukipsis iirmisis) can be controlled in cereal crops such as oat (,4 mm) or wheat ( Triticum), 
and lawn-weeds such as daisies (Beilis perettttis) and plaintains (Pi ant ago spp.) can be killed 
without harming the grass. 

The selective action ot auxins as weed-killers depends on a number of factors. V cry often, 
susceptible plants are dicotyledonous and possess broad horizontally spreading leaves, 
which retain auxin solution sprayed on them, while resistant plants arc often monocoty- 
ledonous with narrow, erect leaves, off which the spray droplets run. In addition, the epi¬ 
dermis of some plants is more easily penetrated by auxin solutions than is that of others. 
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More important than these factors, though, is the existence ot inherent differences between 
the living cells ot different species in sensitivity to synthetic auxins. 

Among the most widely used synthetic auxins in weed control at the present time are 
2,4-D, 2,4, d-T and MCPA (Fig. 3.8) or proprietary mixtures of these. IA A, the naturally 
occurring auxin of most plant species, is relatively ineffective as a weed-killer, probably 
due to its rapid destruction by the enzymes of the treated plants (p. 34). 

Gibberellins might have at least as great a practical potential as auxins. The effectiveness 
of gibberellins 111 the induction of parthenocarpic fruits is just beginning to be realized at the 
commercial level, as they are often useful with species in which fruit set is not promoted bv 
auxin. Also, gibberellins act synergetically with auxins m inducing fruit set in species such 
as tomato. Uses for gibberellins in the cultivation of grapes(I ’ids spp.) include stimulation 
of elongation of dusters (to decrease rotting of individual berries), enlargmeiit ot berries, 
and increasing berry set. Strawberry plants can, by treatment with gibberelhe acid, be 
induced to produce earlier flowers, and therefore fruits, than untreated plants. This effect 
can lead to commercial gain, for fresh strawberries sell for higher prices during the early 
part ot the harvest period. (libberellic acid has been louml to delay ripening of citrus fruits 
on the tree, and also to improve skin colour in the fruits of certain varieties. 

I he effectiveness of gibberellins in speeding up germination rates of seeds of a large num¬ 
ber ot species, as well as in breaking dormancy (p. 27n), has obvious practical possibilities. 

Probably the most important single commercial application of gibberellins yet found is 
in the malting industry. Malting is a process whereby barley seeds are allowed to germinate 
for several days. I he germinated seeds are then used in the preparation of a medium for 
fermentation yeasts in the manufacture of beer. The purpose of the malting procedure is to 
allow time for stored food reserves in the endosperm of each seed to be converted to other 
substances more suitable as substrates for yeast growth. Thus, for example, starch reserves 
are converted to sugars by the action of hydrolytic enzymes such as at-amylase which are 
formed in the aleurone cells during germination (p. 278). Due to the stimulatory effect of 
gibberellins on x-amvlase synthesis (p. HV), treatment of barley seed with gibberelhe acid 
both speeds up and provides more strict control of malting. This lias the benefit of con¬ 
ferring considerable saving ot time and production of higher yields of the malting 
product. 

A number ot plant growth-regulating chemicals in widespread use are gr< mped together 
under the general heading of Growth Retardants. Thus, commercial preparations known as 
“B- l /’( — “Alar”), “AMO-1618”, “CycoccT’( -= “CCC”or “Ch]ormctpiat”),“Phosfon- 
D”, and “Ancymidol” (= “EL-531”) are ail growth retardants. Their uses include the 
inhibition of shoot elongation in ornamental plants (e.g. chrysanthemums, poinsettias, 
Coleus, petunias, etc.) resulting in more compact and desirable plants. Similarly, they arc 
used to shorten and strengthen the stems of some crops, particularly wheat, and thereby 
reduce “lodging” (the bending over of shoots by heavy rain and wind which can cause 
severe harvesting difficulties and premature grain germination). There arc many other 
applications of these growth retardants, such as to increase flowering, fruit-set, rooting of 
cuttings, tuberization, bulbing, resistance to drought, cold and salt. The physiological and 
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biochemical mechanisms by which these useful effects arc achieved arc generally ill-under- 
stood, but at least some of them result from the capacity of growth retardants to inhibit 
gibbcrcllin biosynthesis in plants (sec p. 58). There are a few other non-phytotoxic growth 
inhibitory chemicals used in agriculture and horticulture, such as maleic hydrazide, but 
these do not appear to act by affecting gibbcrcllin biosynthesis. 

It is highly likely that some synthetic cytokinins will be widely used in future to delay 
the processes of senescence in flowers and vegetables whilst these products arc being trans¬ 
ported from the grower to the consumer. 

As already stated, ethylene has been used for some years for accelerating ripening pro¬ 
cesses in a number of fruits (an aspect of senescence), particularly citrus fruits such as oranges 
and lemons. Moreover, demonstrations that this gas is a most potent stimulator of prema¬ 
ture leaf fall have raised the possibility of its use as a defoliant in crops such as cotton, pea, 
beans, etc., where mechanical harvesting of fruits is expedited if leaves are not present. 
However, because of its gaseous nature, ethylene docs not readily lend itself to applications 
to outdoor crops. Because of this, a search has been made for other chemicals which promote 
leaf abscission. A number of such substances are now known, and the most effective of 
these are those which enhance ethylene synthesis in the plants to which they arc applied. A 
recent development is the search for chemicals which can be sprayed on to plants, but which 
arc themselves broken down in plant tissue to yield ethylene. An example of such a sub¬ 
stance is 2-chlorocthancphosphonic acid, known commercially as “Ethrel'’ or “Ethephon”: 


ClCH 2 CH 2 



2-chloroettKjne phosphoric acid 


This compound undergoes chemical decomposition at pHs higher than 4T. Because plant 
cells normally have a pH above 4T, an aqueous solution of Ethrel will on entering the 
tissues be degraded, liberating ethylene: 


0 0 
II pH >4 J II _ 

ClCH 2 CH 2 -P-OH + OH —--► CH 2 =CH 2 + P—(0H) 2 + CL 

0 (ethylene) 0 

(2-chloroethanephosphonic acid 
in ionized form) 

Ethrel therefore induces physiological responses in plants identical to those elicited by 
ethylene, and is gradually being introduced to agriculture and horticulture. At the present 
time it is already in widespread use to increase the rate of latex flow from rubber trees, and 
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to hasten fruit ripening and leaf abscission. It is also coming into use to control branching 
and suckenng of both crop and ornamental plants. 

There is little doubt that practical uses of plant growth hormones will m the future be 
more extensive and varied than at present. Full realization of their potential will, however, 
not be achieved until our understanding of their functions and modes of action in plants is 
greatly increased. 
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CHAPTER 6 


Aseptic Culture Methods in Studies of Differentiation 


HISTORICAL ASPECTS OE PLANT TISSUE CULTURE 

In the preceding and later chapters of this hook various aspects of morphogenesis are 
considered and a number of experimental approaches to the subject are described. No one 
aspect of botanical research is able to provide a unified picture of differentiation, and studies 
of this subject must aim at the unification of information derived from the fields of mor¬ 
phology, physiology, biochemistry and biophysics. This is a difficult task, for in the intact 
plant there are complex interactions between the various processes underlying growth and 
differentiation. Consequently, it is desirable to reduce the complexity of the system so that 
the controlling processes may be more easily identified and studied. This can be done to 
varying degrees, by isolating embryos and other parts of a plant in order to eliminate certain 
complicating correlative influences during studies of their behaviour. In general, isolated 
embryos and plant parts must be carefully nurtured to keep them alive and free from infec¬ 
tion by micro-organisms. This normally entails the use of aseptic culture techniques. Such 
methods often facilitate the maintenance of isolated embryos, organs and tissues for con¬ 
siderable periods of time. However, the culture of isolated plant tissues, organs and embryos 
presented many difficulties to earlier workers which were only gradually surmounted. 

The smallest viable unit of a plant one can at present envisage as reproducing, growing 
and developing in culture is a single cell. As long ago as 1902, Habcrlandt attempted t<> 
grow single plant cells in aseptic culture, but, for various reasons which we now understand, 
his attempts were unsuccessful. 

Following Habcrlandt, other workers established methods which would allow the 
growth of isolated plant organs and tissues in culture. Excised roots were the first plant 
organs to be successfully brought into aseptic culture, and work by White in the 1930s 
demonstrated that given appropriate nutrients, such roots would grow and differentiate 
normal root tissues. Work by Gauthcrct(1939) and others established that isolated portions 
of storage tissue, c.g., from carrot roots, could he kept alive and grown in aseptic culture. 
Callus cultures derived from such isolated tissues lend themselves to studies of the effects of 
nutrients, vitamins and hormones upon cell division, differentiation of vascular tissues, and 
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the inception of organized me r mem a tic regions within the predominantly parenchymatous 
tissue. By definition, a callus is a mass of proliferating tissue consisting predominantly of 
parenchymatous cells, but in which differentiation may occur under suitable conditions. 

When a callus is grown in agitated liquid culture, cells at the surface are often broken 
away and float free in the medium to give a liquid suspension culture. Usually, such free cells 
do not divide when retained in a medium suitable for callus growth, for propagation of free 
plant cells demands a more elaborate medium that does a callus. Media have, however, been 
devised which are capable of supporting proliferation of free plant cells. 


ORGAN CULTURE 


Root (Ailture 

It lias proved possible to grow several types of plant organ in aseptic culture, including 
mots, shoot apices, leaves, flower parts and fruits. The nutrient requirements for such organ 
culture vary considerably from species to species and according to the type of organ in 
question, but certain general requirements can be recognized. Intact higher plants are auto¬ 
trophic; that is, they are able to synthesize all the organic substances required for their own 
life from carbon dioxide, oxygen and mineral nutrients. However, since most aseptic 
cultures are unable to carry on photosynthesis, it is clear that they will require at least a 
carbon source, usually supplied in the form of a sugar such as sucrose or glucose. In addition, 
aseptic cultures require the same mineral nutrients as the intact plant, including both macro- 
mitricnts (nitrogen, phosphorus, potassium and calcium) and micronutrients (Mg, Fe, Mn, 
Zn, etc.). 

In addition to those requirements for a carbon source and mineral nutrients, it is found 
that most isolated organs have also a requirement tor certain special organic substances. 
I li 1 is, most isolated roots grown in aseptic culture require to be supplied with certain vita¬ 
mins, particularly thiamin (vitamin Bj) and sometimes pyridoxin (vitamin B 6 ), nicotinic 
acid and others. It appears that in the intact plant, certain vitamins arc synthesized in the 
leaves and that roots are dependent upon the shoots for the supply of these substances, 
which they are unable to make for themselves. Tomato roots require only sucrose, mineral 
nutrients and thiamin, and given these they will grow successfully in culture for many years. 

Excised roots of some monocotvlcdonous plants fail to grow even when supplied with 
a full complement of B-vitamins and other vitamins. In some of these cases (e.g., rye), an 
exogenous auxin supplement to the nutrient medium allows growth to proceed. In order 
to maintain the culture, the excised roots must be regularly subculturcd on to fresh medium, 
by excising a piece of root bearing a lateral, which then proceeds to grow rapidly and 
maintain the culture. 

Excised roots of most species produce only root tissues in culture, but there are some 
species the cultured roots of which regenerate shoot buds as well as further roots, e.g., 
Convolvulus, dandelion (laraxacum officinalis) and dock (tfiiHie.v irispus). 
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Culture of Shoot Apices and Leaves 

Isolated shoot apical mcristeins and leaf primordia can also be grown in aseptic culture. 
These frequently produce adventitious roots and can eventually develop into complete 
plants. The shoot apices and leaves of vascular cryptogams, such as ferns, are relatively more 
autotrophic than those of angiosperms. Thus, even a small fern apex can be grown on a 
medium containing only a carbohydrate source and mineral nutrients. Small angiosperm 
apices (less than 0*5 nun in diameter) require a general source of organic nitrogen and 
certain specific amino acids and vitamins, in addition to the basic medium, hut larger apices 
will grow on a simple medium. The simpler requirements of large apices may he due to the 
fact that they carry larger leaf primordia, which apparently can supply some of the require¬ 
ments of the apex for vitamins and other organic nutrients. 

Isolated young leaves of the tern, Osmuuda cinnamotnea, and of sunHower (HcUattthus 
animus) and tobacco [Nkotiana tobacum), have been successfully grown on a simple medium 
containing only sucrose and inorganic salts(Fig. 2.12). Such isolated leaf primordia continue 
to grow and develop into normally differentiated leaves, although they are usually very 
much smaller than normal leaves developed on the plant (p. 36). 


EMBRYO CULTURE 

Wc have earlier (p. 24) given an account of the development ot embryos as it occurs 
naturally within the embryo sac. Experimental approaches to the study of plant embryo- 
genesis have in recent years made extensive use of aseptic culture of isolated young 
embryos. 

The easiest method of culturing an embryo is to allow it to develop in situ within the 
ovary or dissected out ovule. The ovule, if placed on a suitable nutrient medium, is able 
to support the development of the zygote to maturity. The presence of placental tissue aids 
the development ot the ovule and embryo, and consequently it is easier to maintain ovules 
in aseptic culture when they arc left within the ovary. The physiological requirements of 
ovules do not appear to be species specific, since young fertilized ovules of widely different 
species have grown to mature seeds following transplantation on the placenta of Capsicum 
fruits. 

Although embryos can be grown from the zygote stage to maturity when they arc left 
inside a cultured ovule, they show complex nutrient requirements when isolated from the 
ovule. The mature embryo is, of course, autotrophic and will grow if provided with the 
normal conditions necessary for germination, viz. adequate water and oxygen and a favour¬ 
able temperature. However, if embryos arc excised at younger stages it is found that they 
will not grow, even if supplied with sucrose and mineral salts. 

A useful technique for the culture of young embryos was introduced in 1941 by van 
Overbeek, who found that they could be grown from a quite immature stage by supple¬ 
menting sucrose and mineral salts with coconut milk, which is a liquid endosperm. 
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This endosperm allows the development of the coconut palm embryo, as it contains a 
complex range of substrates necessary for the growth of the embryo, and it is also very 
effective in supporting the growth of embryos of other species. Attemptshave been made to 
identify the active components of coconut milk and they are now known to include sugar- 
alcohols such as myoinositol, leucoanthocyanins, cytokinms, and probably also auxins 
and gibbercllins. By using this technique it has been possible to develop to maturity 
embryos of certain species isolated at an early stage of development. 

As embryos develop they appear to become less hctcrotrophic, as has been demonstrated 
by observations on isolated embryos of Capsella and Datura^ which showed that globular 
embryos did not survive at all in culture, but that early heart-shaped embryos (see Fig. 2.2) 
would develop further if supplied with a nutrient medium containing sugar, inorganic 
salts, vitamins and coconut milk. With slightly older heart-shaped embryos the coconut 
milk may be replaced by a source of reduced nitrogen such as i.-glutamine, and with more 
highly developed embryos even the glutamine can be omitted. Thus, there appears to be a 
progressive increase in the synthetic abilities of the embryo during its development. 

On the other hand, there is more recent evidence that the concept of a decrease in 
hctcrotrophic nutrition with increase in embryo age may not be strictly true. Even young 
globular embryos of Capsella have been cultured to maturity in a relatively simple medium 
containing no organic nitrogen source such as L-glutamine, nor high sucrose concentration. 
But, in addition to the usual inorganic salts, vitamins and 2 per cent sucrose, the medium 
did have to contain a balanced mixture ot very low concentrations (about II)' 7 m) of an 
auxin (e.g., 1A A), a cytokimn (e.g., kiuetin) and adenine sulphate. It appears that, in the case 
of Capsella at least, it is the balance of growth hormones in the immediate environment 
rather than substrate level metabolites, which plays a determining role in embryogenesis. 


TISSUE CULTURE 

In contrast to the techniques oforgan culture, tissue culture involves the aseptic culture of 
an isolated homogeneous mass of cells. All plant organs consist at the time of their excision 
of a number ot different tissue types, and therefore represent more complex systems than do 
isolated individual tissues. In studies of the physiology and biochemistry of morphogenesis 
it is desirable to work with as simple a system as possible, and clearly culture of isolated 
tissues would appear to represent a simplification of experimental material in comparison 
with organs in culture. Fortunately, tissues from many sources can be maintained in culture 
tor an indefinite period, and afford enormous but as yet largely untapped, possibilities for 
research in physiology and biochemistry. Such cultures have already proved very valuable 
for certain biochemical studies. For example, cultures of sycamore {Acer pseudo plat anus) 
cambial tissue have been extensively used for studies on cell-wall metabolism, and we shall 
see below several examples ot the value of tissue culture for studies on differentiation. 

When small pieces ot root phloem parenchyma of wild carrot (Damns carota ), or pith 
parenchyma of tobacco (Nicotiana tabacuw ]) stem, or even chlorophyll-containing palisade 
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cells from leaves of Araehis hypogea and Crepw aipilhns are place on a suitable medium, they 
can not only be kept alive but can be induced to grow. That is, mature parenchymatous or 
mcsophyll cells, which, if left undisturbed in the plant body, would undergo no further cell 
division, can be made to divide mitorically, giving rise to an undifferentiated callus. An 
extreme example of retention of the capacity for cell division in mature plant cells was 
provided by cultivation of a callus from medullary ray tissue excised trom a region adjacent 
to the pith in 50-year-old lime (Tilut) trees. These cells had matured a full half-century 
earlier, and vet their continued potential for active cell division was revealed under suitable 
conditions in culture. 

It seems likelv, therefore, that any living, nucleated, plant tissue can give rise to a pro¬ 
liferating undifferentiated callus when excised and placed on a suitable culture medium. 
However, great difficulty is often experienced in establishing a callus from a previously 
untried source of tissue, for there is apparently considerable diversity in nutritional require¬ 
ments of tissues from different species, or even from different locations within one plant. In 
general, it has proved easier to culture tissues consisting originally ot non-green paren¬ 
chyma, such as phloem or pith parenchyma. The establishing ot green, photosynthesizing, 
callus growths from chloroplast-containing leal cells has come much later. 

In addition to the usual macro- and micro-inorganic nutrients, and an organic carbon 
source, isolated tissues are frequently found to require (1) an organic source of reduced 
nitrogen, which may be supplied as amino acids or, in some species, as the amide ot glutamic 
acid, L-glutamine; (2) vitamins, including thiamin, nicotinic acid and pyridoxme, and (3) 
the sugar alcohol, myo-inositol. In addition, an auxin, such as 2,4-1), and sometimes a cyto- 
kmin, are required. The fact that it is necessary to supply hormones to callus cultures, 
whereas they are not normally required by organ cultures, may indicate that the organized 
mcristems of organ cultures may be centres of hormone biosynthesis, whereas the paren¬ 
chymatous tissues from which callus cultures are derived do not have the capacity for 

hormone synthesis. .. 

It is of interest to note that photosynthetic callus growth from palisade mcsophyll cells 
of Araehis hypogea does not need an external supply of any vitamins. This can be related to 
what was said earlier concerning the normal production of vitamins in the leaves <■ f p i 
and their supply to other regions such as the roots. 

Repeated sub-culturing of some tissue cultures, such as those of carrot, grape, Storzmm, 
tobacco, and other plants, leads to a spontaneous and irreversible change in that they acquire 
the capacity to synthesize excess quantities ofauxin. Thus, a tissue which when first brought 
into culture requires an exogenous supply of auxin and cytokinin, later on, a ter su 
culture, becomes autotrophic for these hormcncs. Such long-established callus cultures are 
then said to be habituated, or amgized, and closely resemble tumorous as opposed to normal 
plant tissues. For example, plants infected with the crown-gall bacterium (Agrokaeta.um 
tumefaciens, synonym Phytomcnas tumefaciens) exhibit tumorous (callus-like) growths a 
the points of infection. By appropriate heat treatment, the bacteria can be killed a.»U 
removal of a portion of one of these treated tumours into aseptic culture ea s t p 
duction of a massive undifferentiated callus, which is completely self-sufficient in auxin 
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and cytokinin. Thus, infected or habituated cells have undergone a permanent change in 
that they arc able to synthesize substances which they were unable to produce before. This 
capacity is transferred from one cell generation to the next and is brought about by 
transfer of bacterial ON A to the plant cell (see p. 312), 

SUSPENSION CULTURE OF PLANT CELLS 

A suspension culture consists of cells and small aggregates of cells dispersed and growing 
in a moving liquid medium. The principal problem encountered initially in attempts to 
make isolated single cells and small aggregates of cells divide in culture is that such isolated 
cells are “leaky”. For a number of reasons, particularly their large surface areas exposed to 
the liquid medium, in contrast to callus cells surrounded by like cells, isolated plant cells in 
an agitated liquid medium tend to lose substances required for cell division to the medium. 
Consequently, the nutritional requirements of free plant cells and small cell aggregates may 
be more complex than those for callus cultures of the same species, since it is necessary to 
supply the substances which tend to be lost by the cells into the medium. For some types of 
cell culture it has been possible to determine the precise nutrient requirements so that they 
can be grown on a defined medium, which usually included the various constituents already 
listed for callus cultures (p. I4.S). In other cases, it has not yet been possible to grow cell 
culture*' in a defined medium and it is necessary to add coconut milk, which must, therefore, 
include certain, as yet unknown, special nutrient factors. 

Although all the nutritional problems involved in growing colonies of cells from differ¬ 
ent sources have not yet been solved, we are able now to see the general picture. What is 
striking is the very dose similarity between nutritional requirements for suspensions of 
plant cells and tor development in isolated young embryos (p. 144). In the intact plant 
these requirements are met by surrounding tissues—particularly, in the case of embryos, by 
the endosperm. 

Plant cells growing in suspension culture look very much alike from whatever species 
they originated. The principal characteristics of cells in suspension culture are: (i) numerous 
and large vacuoles, even in cells capable of division; (ii) prominent cytoplasmic strands 
which show active streaming movements; (iii) a large nucleus with nucleolus (Fig. 6.1 
Left). In addition, a variety of cell types coexist in a given cell suspension, only some of 
which are free single cells. Some free cells divide and give rise to clusters of smaller, more 
dense cells. Others increase in size and divide with the formation of internal cross-walls to 
produce either a filament of cells or, in some cases, a new* free cell by a process analogous to 
“budding” of yeast cells in culture (Fig. 6.1 Right). Thus, cells of higher plants in suspension 
culture do not have the morphology of cells in the tissue from which they were derived. 
Furthermore, they evidently have a different pattern of metabolism, for they usually do not 
contain typical storage products. 

Ideally, the initial inoculum of isolated cells in a culture vessel will consist exclusively of 
individual free cells. Only rarely is this ideal attained, by, tor example, filtering the suspen¬ 
sion through a sterile gauze possessing a pore diameter too small to allow the passage of cell 
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Fru. 6.1. Lit: Cell division in .1 single isolated cell from Phastolus vulfrtrif. Nmc the large vacuole, 
prominent cytoplasmic strands and large nucleus with nucleolus. 1 jme lapse between pictures 
a, b and c, 30 minutes; between c. d, e, f, g and h, 60 minutes. (Reprinted by permission of the 
Rockefeller University Press from the Journal of (initial Physiology, 43» **43, 1959-60. Print 
supplied by Dr. Ludwig Uergmann.) 

Right: Development of a cluster of cells from a single cell of tobacco stem-pith isolated in 
aseptic culture. A. Single cell 1 day after placing in culture medium. H-l I. Stages in the forma¬ 
tion of a mass of cells, from the single cell in A. (From W. Vasil and A. C. Hildebrandt, Stiencr. 

150 , 889-92,1%5. Print supplied by Dr. A. C Hildebrandt.) 

clusters. By such means a very dilute suspension of free cells (5 or less cells per cm 3 of nutrient 
medium) can be set up. Under suitable conditions this suspension of cells will multiply so 
that in 2 or 3 weeks’ time the cell density will have risen to approximately 100,000 per cm 3 . 
Microscopic examination of the cell population at this time reveals that not all the cells are 
now free—l.e. cell clusters of various sizes and shapes are usually present in addition to single 
cells. Various studies have shown that formation of a multicellular cluster in a suspension 
culture of plant cells takes place by repeated division of one cell, the daughter cells of which 
do not separate. Separate free plant cells do not aggregate into clusters in the way that some 
cultured animal cells do. In most research with cell suspension cultures, the original inocu¬ 
lum contains not only free cells but also small aggregates of cells and even dead cells and 
cell debris. 
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REGENERATION STUDIES WITH ASEPTIC CULTURE 

Plants show remarkable capacities for regenerating whole organisms from isolated pieces 
of shoot, root, or leaf, and even from relatively unorganized tissue such as callus. Some more 
general aspects of regeneration will be discussed later, but we shall first describe experi¬ 
ments on regeneration which have been carried out with callus and suspension cultures. 

In callus cultures cell division occurs randomly in all directions and gives rise to an un¬ 
organized mass of tissue; thus, there are no clearly defined axes of polarity in a callus. By 
contrast, in a shoot or root meristem we have a highly organized tissue structure, in which, 
as we have seen, quite well-defined patterns of division can be recognized. It has been found 
that under certain cultural conditions shoot and root mcristems can be formed within a 
callus, so that whole new plants may be regenerated. 


Root and Bud Regeneration in Callus Cultures 

We have already made mention in Chapter 3 (p. 60) of Skoog’s studies on the interacting 
influences of auxins and cytokinins on the growth of tobacco pith-derived tissue cultures. 
Skoog observed that cytokinin and auxin interacted to initiate cell division, but he also 
found that these same two types of growth hormone could interact to initiate organized 
mcristems. Thus, it was discovered that if the proportions of auxin and cytokinin were 
varied, then the pattern of meristem formation was altered. When the proportion of auxin 
to cytokinin was relatively high, there was differentiation of some callus cells into root 
primordia. A higher concentration of cytokinin relative to auxin caused cells to differentiate 
into shoot apical mcristems. Subsequent growth of the root and shoot primordia led to the 
callus cultures having the appearance shown in Fig. 6.2. Thus, small changes in the auxin- 
cytokinin ratio could (a) initiate mcristems and (b) channel differentiation of these into 
either shoot or root apical mcristems. 

Control of root or shoot-bud formation in callus cultures by variations in auxin-cyto- 
kiiiin balance has now been demonstrated for tissues of several origins. The interacting 
effects of the hormones in this phenomenon can be modified by other factors, such as sugar 
and phosphate levels, sources of nitrogen, and other constituents of the medium such as 
purines. There is, however, no doubt that auxin and cytokinin may regulate not only the 
initiation of organized meristcmatic centres in the callus, but also the type of meristem 
formed. Nevertheless, stimuli other than auxin and cytokinin are involved in apical meri¬ 
stem initiation in callus cultures. For example, initiation of lateral roots in pea-stem seg¬ 
ments is inhibited by red light. Thus a phytochrome-based mechanism (p. 183) may be 
involved in the initiation of root apical mcristems. 


Embryo Formation in Aseptic Cultures of Plant Cells and Tissues 

Totipotency of plant cells has perhaps been most spectacularly demonstrated by the 
regeneration of whole plants from embryos formed in cultures of both somatic cells and 
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Fic;. f>.2. Effect of a range of concentrations (0-10 mg/1) ofkinetin on growth and organ forma¬ 
tion in tobacco-pith derived callus cultured on nutrient agar containing, in all flasks, 2 mg/I 
indole-3-acetic acid. All cultures 44 days old. (Ueprinted from Symp. Sot. Exp. liiol. 11, 1957. 

Print kindly supplied by Professor F. Skoog.) 

those of male generative cells (i.e. pollen grains). The formation in tissue cultures of plant 
embryos of at least superficially normal appearance anti behaviour was first observed by 
Steward in 1958 and Reinert in 1959, who by imposing a sequence of changes in the compo¬ 
sition of the nutrient media caused callus cultures of carrot-root phloem parenchyma to 
give rise to embryos w hich were very similar to normal embryos and which on transfer to a 
suitable medium developed into whole carrot plants. Embryos formed from cells of origins 
other than a fertilized egg arc often referred to as cither adventive embryos or embryoids. The 
changes in the nutrient media required to bring about adventive embryo formation princi¬ 
pally involved alterations in the balance of auxin and cytokinin. 

Since that first report, other workers have obtained adventive embryos in callus cultures, 
in suspension cultures, and in cultures of isolated anthers and pollen grains (hg. 6.3). 
Regeneration in cultivated and wild varieties of carrot (Daucus carota) lias been extensively 
investigated, particularly with respect to cmbryogcncsis in aseptic culture (Fig. 6.3), but it 
has been found that the capacity for adventive embryo formation is widely distributed in 
the plant kingdom. Nevertheless, one cannot assume that all cells of a plant, or all species, 
retain their totipotcncy, for numerous unsuccessful attempts have been made to obtain 
cmbryogcncsis, and/or organogenesis, in aseptic cultures of tissues from many species. It is 
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Flu. fr.3, Development ot ctnbryoids (adventive embryos) trom pollen grains during anther 
culture ot' mImcnin c.v. "White Burley”. A. Anther cultured for 28 days at 25 3 C in 

continuous light, showing a large number of germinating ctnbryoids, each of which has 
developed from one pollen grain. B. The same anther 7 days later. At this stage the plantlets can 
be readily teased apart and transplanted individually as shown in C. The transplanted plantlets 
can later be transferred to a mixture of peat and sand in a normal plant pot(D). E. Inflorescences 
ot, on the left, a normal diploid tobacco plant, and on the right, of a haploid plant grown from 
a pollen grain as shown in A-D. It is interesting to note that haploid plants usually develop larger 
inflorescences than do diploid plants. (From N. Sunderland, “Pollen and Anther Culture”, 
Chapter 9 in Plant Tissue and Cell Culture, cd. H. E. Street, Blackwell Scientific, 1973. Original 
prints supplied by Dr. N. Sunderland.) 
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possible that only true diploid cells (or haploid in the case of pollen grains) can undergo 
embryogenesis, and that failures to induce adventivc embryo formation may have been 
associated with polyploidy in cultured cells and tissues. 

The formation of an adventivc embryo is marked by the appearance of an organized group 
of cells possessing longitudinal polarity and also with, at a very early developmental stage, 
a shoot and a radicular pole at opposite ends. The adventive embryo is formed without any 
connection with vascular tissues of the mother plant or callus, and this contrasts with the 
pattern of formation of monopolar buds and roots, as these are always connected to such 
vascular tissue. 

Adventive embryo formation can, under appropriate experimental conditions, be a 
continuous process, and a culture may therefore contain, side by side, embryos of all stages 
of development. Adventive embryos induced in tissue cultures appear to be formed from 
single cells, usually at the upper surface of the callus. The surrounding callus cells may act as 
a “nurse-tissue” to the embryo in its very early stages of development. There is some evi¬ 
dence that the formation of adventive embryos in suspension cultures of plant cells simi¬ 
larly involves a nurse-tissue, in that there is first the production of a multicellular aggregate 
(i.e. a small callus) by repeated division of an originally single cell, following which em¬ 
bryos may be initiated from single cells at the surface of the aggregate. On the other hand, 
it has been claimed by Steward and Ins co-workers that isolated free single cells can develop 
directly by segmentation without callus formation to pro-embryos and that these then go 
on to form embryos and normal plantlcts. Steward has, in tact, argued that one of the 
requirements for the initiation of adventive embryos in suspension cultures is that cells 
must be set free from associations with their neighbours and thus be able to grow inde¬ 
pendently. However, various studies in recent years have shown that adventive embryos 
can form from individual cells at the surface ot a callus. More microscopic studies of 
adventive embryos will undoubtedly resolve the question as to whether or not a single plant 
cell, not in contact with other cells, can develop directly into an embryo. Recent electron- 
microscope studies have, however, indicated that cmbryogcnic cells in callus from Ranun¬ 
culus sclcratus possess protoplasmic strands, linking them with adjacent callus cells during 
embryogenesis. This docs indicate that cells do not have to be physiologically isolated from 
other cells for their development into an adventive embryo, and in addition strengthens 
the suggestion that nursc-cclls arc in some way necessary in early embryogenesis. Similarly, 
the concept of nursc-cclls is supported by the reports that adventivc embryos form in 
suspension culture from one cell of a cell aggregate, with the remaining cells of the aggre¬ 
gate in some way supportuig the initial development of the embryoid. Nevertheless, it 
is true that only “exposed” cells of a callus, or a ceil in suspension culture, actually become 
embryogenic, even though they may require the support of “nursc-cclls , and that the 
mass of cells in a callus do not form embryoids but may do so if they are separated into a 
suspension culture. 

Many of the earlier experiments on adventive embryo formation in aseptic culture 
involved the use of media containing the liquid endosperm of coconut. At one time it was 
considered that coconut milk contained special substances which were essential for the 
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initiation of embryos in suspension cultures. More recent research has, however, shown that 
cells in suspension culture can form embryos on synthetic, chemically defined, media in 
the absence of liquid endosperm. Thus, one does not need to invoke unknown nutritive 
or hormonal “embryo-inducing” factors in liquid endosperms. Adventive embryo forma¬ 
tion is achieved experimentally by successive changes in the nutrient media, an important 
aspect of which includes the nitrogen to auxin ratio. Because of this a number of workers 
utilize a sequence of media changes which culminates in transfer to an auxin-free from an 
auxin-containing medium, and this can be sufficient to induce enibryogenesis in the 
culture. 


Pollen- and Anther-Culture 

Over the past few years, the techniques previously developed for adventive embryo 
formation from somatic cells have been used to produce embryos and even entire whole 
plants from pollen grains. Pollen grains are produced naturally in relatively large numbers 
and in an easily accessible form for the research worker. Each grain consists ot just a few 
cells (five in gymnosperms; three in angiosperms) and possesses a unique genome derived 
from the process of meinsis in microsporogenesis. In true diploid species each gene in the 
pollen grain is present as a single copy only, and therefore formation of an adventive embryo 
from the pollen grain results in a haploid plant in which every gene can he expressed in 
the phenotype. This fact has extremely important connotations in the practice of plant 
breeding, for experimentally produced mutant genes can be evaluated very much more 
quickly and easily in haploids. In addition, the exposed adventive embryos from pollen or 
anther cultures and derived plantlets also lend themselves to convenient and uniform 
mutation-inducing treatments such as irradiation with X-rays. 

The techniques required to induce enibryogenesis in pollen and anther cultures are still 
in the process of development, and to date only a limited number of species have been 
successfully propagated in this way. The first experiments on pollen culture took place in 
the 1950s, when Tulcckc was able to cause pollen of certain gymnosperms to proliferate 
into callus. Not until the mid-1960s was angiospenn pollen brought successfully into 
aseptic culture by Guha and Mahcshwari, and then only by culturing the whole anther of 
Datura imwxia. However, Guha and Mahcshwari also found in 1967 that development in 
cultured anthers of D. /mie.viVi led to the formation of haploid plants, with one pollen grain 
giving rise to one plant. Since that time aseptic cultural conditions have been developed 
which permit growth and enibryogenesis in pollen (usually within the excised anther) in 
various other angiosperms (Fig. 6.3), 

Methods of anther culture usually involve aseptic excision of anthers, and their transfer 
to the surface of sterilized agar medium, or flotation on the surface of liquid medium, or 
onto filter-paper bridges over liquid medium. An important aspect of the procedure is the 
selection of anthers containing pollen at an appropriate stage in microsporogenesis. 
Maximum yield of adventive embryos in Nicotiana tabacum anther culture is obtained when 
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the excised anthers contain pollen at the stage when the vegetative cell is ill the process of 
rapid cytoplasmic synthesis, but results obtained with other species have indicated that the 
critical stage may vary from one species or culnvar to another. Furthermore, it may also be 
influenced by aseptic culture conditions and the environment under wluch the donor 
plants were grown. Culture media used in pollen and anther culture are similar to those 
used in the aseptic culture ot somatic tissues, and as with these it is the hormonal component 
of the medium which isentieal. For anthers ot most species, both auxin and cytokmm are 
included, although in a tew instances either one or the other is sufficient. Cytokmm can be 
replaced, if desired, by coconut milk. 

Embryogenesis in angiosperm anther culture occurs by development ot the vegetative 
cell ot each pollen grain. The initial stages ot adventive embryo formation varies from 
species to species. In some cases the vegetative cell divides repeatedly, and there is complete 
suppression ot pollen-tube development. Gradually the derivatives ot the vegetative cell 
can be seen to be organized as an embryo which Further develops into a plant let. In other 
cases, embryogenesis appears to occur where the normal unequal division resulting in a 
vegetative and generative cell is replaced by an equal division (p. 319). 

Under certain cultural conditions, and depending on species, pollen in cultured anthers 
may also divide in mariners which give rise to a callus. Shout buds and root initials often 
form from such a callus and further plantlets can be obtained in this way. Although much 
research remains to be done, it is already clear that pollen and anther culture techniques will 
be verv important in Future breeding of new crop and ornamental plants. 


Isolation and Culture of Plant l^roloplasts 

Since the mid-1950s methods have been devised which allow the isolation of protoplasts 
from somatic and reproductive cells. A protoplast is, ot course, a plant cell From which the 
cell wall has been removed, and in aseptic culture isolated naked protoplasts behave in 
many wavs rather like animal cells in culture. Under suitable cultural conditions they grow 
and divide, but can also be induced to regenerate cell walls. 

Plant protoplasts can be isolated From their parent tissues by either mechanical or enzy¬ 
matic means. Mechanical isolation of protoplasts has been achieved by first plasmolysing 
the cells in a hypertonic plasmolyticum and then carefully cutting away the walls by micro- 
surgical procedures. Such a technique therefore cannot be used on non-vacuolated cells 
such as those of meristems, and for this and other reasons enzymatic methods of protoplast 
isolation have been adopted by many workers in this field. The enzymes used arc ones 
which degrade components of plant cell walls, and most commonly a pcctinasc (to separate 
cells) and a cellulase (to degrade the cellulosic walls) arc used either sequentially or as a 
mixture. Once isolated, plant protoplasts have to be kept in a liquid culture medium, the 
osmotic potential of which closely matches that of the protoplasts; otherwise irreversible 
damage can be caused by the protoplasts bursting or shrinking excessively. 

Isolated protoplasts in aseptic culture Have very great potential uses to research workers. 
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For example, uptake of viruses and various macromolcculcs by plant cells is very much 
more readily studied in the absence of cell walls. However, a most exciting prospect lies in 
the successful fusion of protoplasts of differing origins to produce new plant species by 
somatic hybridization. The breeding of new plants has always been restricted by the neces¬ 
sity of effecting sexual fertilization. Failure to obtain viable hybrid embryos from inter¬ 
specific and intergeneric crosses can be due to a number of causes, arising from disruption of 
the normal sexual processes, c.g., by failure of the pollen tube to penetrate the embryo sac, 
breakdown of the endosperm, etc. Such difficulties could be avoided if sexual reproduction 
can be by-passed by direct fusion of vegetative cells. Successful fusion of isolated plant 
protoplasts has already been achieved (Fig. 6.4), and appropriate methods have already 
been devised to allow some fused protoplasts to regenerate a whole new plant, either bv 
advenrive embryo formation or by root and shoot-bud initiation from a derived callus. 

In addition to providing a means of circumventing natural incompatibility mechanisms 
in genetic hybridization, the mixing of the cytoplasms and organelles of different plant 
species is also of potential, but as yet unrealized, practical importance. For example, one 
possible development would be the fusion of protoplasts between different divisions of the 
plant kingdom, which may, for example, provide one means for the creation of cereal 
plants containing a characteristic of blue-green algae in being able to utilize atmospheric 
nitrogen rather than being dependent on nitrogenous fertilizers added to the soil. The 
fusion of plant and animal cells has been already achieved, and there is the possibility that 
such procedures could lead to the creation of plant-animal hybrids. 


REGENERATION IN SHOOT AND ROOT CUTTINGS 

Although not normally performed in aseptic culture, one of the most obvious examples 
of regeneration is seen in the common horticultural practice of vegetative propagation of 
plants by taking shoot or root cuttings, and allowing them to develop adventitious roots 
and/or buds. In shoot cuttings, a callus is frequently formed at the base of the cutting, as a 
result of divisions originating in the cambium, and from such a callus root primordia arise. 
However, adventitious roots may also be formed in normal tissues of the stem—usually in 
the pericyclc, but in some species in the canibial zone. In root cuttings, both roots and buds 
commonly arise from callus formed from parenchyma in the younger phloem. 

The case with which roots can be formed on shoots varies enormously; cuttings from 
plants such as bean will produce roots if simply left with their lower ends immersed in 
water, whereas those from other species will do so only rarely, even under what appear to 
be the most favourable conditions. In those species which do produce roots, it is generally 
true that a piece of stem which possesses a bud or leaves will form roots at its base, blit that 
a disbudded and defoliated stem piece produces roots much less readily or not at all. This 
suggests that a substance is formed in the buds and leaves which moves downward and 
stimulates root formation at the base of the stem. The existence of such a root-initiating 
substance in young leaves has been proved by the demonstration that extracts of young 
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Fic. 6.4. Isolated plant cell protoplasts and inter-species fusion. A. Protoplasts isolated from leaf 
mcsophyll of Pi't unit] hybrida following treatment of the leaf with ccll-wall-dcgrading enzyme 
(bar represents 25 /am). II. Protoplasts isolated from leaf mcsophyll of Petunia hybrida and 
colourless leaf epidermis of Skotiana tabaeum which have been treated with polyethylene glycol 
to induce aggregation and fusion. Several fusing inter-species aggregates arc visible (arrows) 
(bar represents nU /am). C Large aggregate containing fusing protoplasts of Petunia hybrida and 
Skotiana tabaeum (colourless epidermal protoplasts) (bar represents 25 /tin). IJ. fntcr-spccies 
heterokaryon which has resulted from the fusion of several protoplasts of Petunia hybrida and of 
.Nirolidrid tabaeum. The heterokaryon has rounded off and extensive mixing together of the 
cytoplasms is beginning to take place, T wo very closely adhering protoplasts of the two species 
arc also visible (arrow) (bar represents 20 /am). (Original prints supplied by Professor E. C. 

Cocking.) 
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leaves do stimulate the rooting response of stem cuttings. Further, it has been found that 
the application of auxins to cuttings has a similar effect to that of extracts of young leaves 
(Fig. 5.23), suggesting that the stimulatory effect of buds and leaves upon rooting is prob¬ 
ably due to the production of auxin by these organs. The effect of auxin in rooting of cut¬ 
tings is to increase the rate of formation and absolute number of adventitious root initials. 
This is, therefore, another example of cell division and differentiation being activated bv 
auxin. 

The formation of roots in stem cuttings normally occurs at the basal end of the stem. This 
is true even if the cutting is inverted, so that the morphological lower end is uppermost 
(p. 331), 'I'he stem therefore shows polarity in the initiation of roots. The fact that auxins are 
known to stimulate the formation of root initials and also that auxins move in a basipetal 
manner (p. 99), lead one to believe that the polarity shown in root formation is a conse¬ 
quence of the movement of auxin to the morphologically lower tissues, where its arrival 
triggers oft the processes of root initiation. In fact, if an auxin is applied to the apical end of a 
stein cutting, then callus formation and subsequent root formation is stimulated at the 
base of the cutting. If applied hasally, then roots are again stimulated there. 

If a stem section is dipped in a solution of cytokinin it may react by producing many buds 
at the morphologically upper end of the stem, but few or no roots, the opposite effect to 
that elicited by dipping in an auxin solution. Nevertheless, as we have seen (p. 148), the 
stimulatory effect of auxins upon root formation may not be revealed unless the responding 
tissues also contained an appropriate concentration of cytokinins, since root formation 
involves active cell division. Root cuttings behave similarly to stem cuttings with regard to 
polarity of root and shoot bud initiation, and the effects of auxins and cytokinins (p. 331). 
The fact that buds and roots are formed at opposite ends of isolated segments of stem or root 
appears to be the result of movement of auxin and cytokinin in opposite directions, a pre¬ 
ponderance of one or the other accumulating at either end, causing either buds or roots to 
be initiated. Indeed, it has been found that if cuttings of chicory (Cichorium intyhits) roots 
are placed under moist conditions, which favour regeneration, then certain changes occur 
in the distribution of the endogenous hormones within the cuttings, so that high auxin con¬ 
centrations arc found at the basal ends, and high cytokinin levels at the apical ends. These 
changes occur before there is any observable regeneration of buds and roots and hence they 
may play an important role in the pattern of regeneration. Certainly these observations are 
consistent with the findings that bud and root regeneration in callus cultures arc associated 
with high cytokinin and high auxin levels, respectively (p. 148). 

At the present time we know little of the translocation patterns of cytokinins in plants. 
Kiuetin itself is apparently not translocated readily, for it remains at, or verv close to, the 
place to which it is applied on a plant. Naturally occurring cytokinins may well behave 
differently though, as there is some evidence that cytokinins are synthesized in roots and 
translocated up into the shoot system (p. 290). Certainly it is known that some synthetic 
cytokinins arc translocated quite readily in plant tissues. 

Auxins are not the only factors concerned in root formation. A supply of sugar is neces¬ 
sary, as well as other nutrients. The stimulating effect of leaves on initiation in stem cuttings 



157 


.Tcpnc Cu/rurt* A/c ‘thirds in Studies of Differentiation 

may be due in part to their production of nutrients, and perhaps also to other hormonal 
substances more specific in promoting root formation in conjunction with auxin. 


Lateral Rom Initiation 

In contrast to the fairly ready regeneration of roots in shoot cuttings, excised roots of 
most species growing in sterile culture normally form only further root tissues, including 
the initiation of lateral roots, and only relatively rarely are shoot buds initiated. Auxin is in 
some way involved in the formation of lateral roots as well as of adventitious roots. Immer¬ 
sion of the main root of a dicotyledonous seedling in a solution of an auxin results in a 
reduction of mam root extension but a stimulation of lateral root initiation. The subsequent 
growth of the newly produced lateral routs is also inhibited bv the auxin solution. Thus 
auxins, at other than very low concentrations, stimulate the formation of roots but inhibit 
their subsequent elongation. The result is that a root immersed in a solution of auxin 
becomes stunted, and possesses rows of newly emerged but suppressed lateral roots. 


GENERAL ASPECTS OF UECIENERA I ION 

Siunott has defined regeneration as the tendency shown by a developing organism 
to restore any part of it which has been removed or physiologic ally isolated and thus to 
produce a complete whole”. I his broad definition includes a wide variety of phenomena, 
but we can distinguish a number of general aspects of regeneration, f irstly, we have seen 
that we can apply the term to the initiation of shoot and root meristemsui a disorganized 
mass of callus, which may be growing in aseptic culture or may form at the surface of a 
cutting m response to wounding. This is a remarkable phenomenon, even tin nigh it may be 
so familiar that we come to accept it as commonplace. We have no conception as to the 
nature of the factors operating whereby in a mass of disorganized callus a high degree of 
organization emerges, but we have already suggested (p. 39), that the apical meristem of 
the shoot or root is a stable configuration which, as it were, "crystallizes” out under certain 
conditions. 

It is important to realize that in regeneration we see in operation the processes which 
determine normal development. When the normal course ot development is disturbed by 
wounding or in other ways, compensating events occur which tend to restore the normal 
situation. J hus, it would seem that the normal form of the plant represents an equilibrium 
state, and that when this equilibrium is disturbed, built-in control mechanisms operate to 
restore the equilibrium. This phenomenon is well illustrated in the regenerative properties 
ot shoot and root meristems. Wc have already seen that if a shoot apex u( Lupin us is divided 
by two vertical cuts at right angles, then each segment of the original apex is able to 
regenerate into a normal apex (p. 39). Similar experiments have been successfully carried 
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out with root apices. Further examples are seen in the regeneration of vascular tissue (p. 118) 
anti in the formation of a phellngcn when the surface of a stem is cut or damaged. 

So far we have discussed the problems presented by the spontaneous development of 
organized menstems within unorganized menstematic tissue. A further problem concerns 
the resumption of cell division in previously differentiated, non-dividing cells, which 
follows wounding. In some eases regeneration o( root primordia takes place in callus 
tissue which has developed at the tut basal surface of a shoot cutting, while in other cases 
the root primordia may be formed by the resumption of cell division in stem tissues, such 
as the pcricyclc. In either case, however, it is clear that the isolation of a piece of stein or 
other organ results m renewed cell division, and the question arises as to what causes this 
cell division. I here is some evidence that the wounding of plant tissues results in the release 
of ‘wound hormones ”, which stimulate cell division. Whether such substances are in¬ 
volved in all cases of cell division following wounding is not clear. In any case, however, it 
is clear that certain differentiated cells of tin* stem or root become “dedifferentiated” when 
they resume imristematK activity. 

I he phenomenon of regeneration provides strong evidence that the process of differen¬ 
tiation in many types of plant cell does not involve anv loss in their genetic potentialities, 
so that they remain "totipotent”. 

Although the totipotent behaviour of individual cells of a number id' plant species has 
been demonstrated experimentally (big. (o), it is nevertheless wise to be cautious in assum¬ 
ing that all living, nucleated, plant cells are totipotent. Until regeneration of whole plants 
has been seen ft» occur from isolated cells of all types known to occur in the plant bodv 
(e.g. parenchyma, palisade and spongy mesophyll cells, companion cells), the case cannot 
be regarded as proven. Irven so, as we have mentioned earlier (p. 148), plants have been 
regenerated from adveimve embryos formed from cells derived from the root, hypocotyl, 
stem, petiole, embryo, and even pollen. C.ells from the lamina of green leaves do appear 
to be more recalcitrant in demonstrating their presumed totipoteiuiaUtv. A number of 
workers in the held of plant cell and tissue culture, particularly Steward, nevertheless 
consider that any free cell from a higher plant will, if provided with the right stimuli 
(nutritional and hormonal), regenerate a whole new plant taking one of the alternative 
routes toward organization describes! above. 

It scorns dear that the developmental activities of most callus cells are restricted in some 
way. and that further restraints are imposed should differentiation of vascular tissues, shoo't- 
Imds and root initials occur, finis, the cells of undifferentiated callus are usually capable of 
unlimited division, hut if a bud is regenerated, then the cells which become part of the leaf 
priinordt .1 are subject to considerable restraints with respect to the planes of their divisions, 
and they are no longer capable of unlimited division so long as they remain part of the leaf. 
We do not know how a cell becomes restricted when it is a part of a tissue system, but 
possibly some control over each cell is exerted by us neighbours through the plasmodes- 
mata, which connect the protoplasts of adjacent cells. 

The discovery that the regeneration of buds and roots by callus tissues can be regulated 
by the relative concentrations ot auxin and cytokinin in the culture medium has led to the 
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suggestion that these hormones play an important role in “organ formation”. However, it 
should be noted that the primary effect of the hormones is upon the initiation of shoot and 
root apical mermans, and we do not find callus cultures giving rise directly to organs of 
determinate growth, such as stems and leaves, although these may be formed as a result of 
the subsequent growth of the meristeim. Unless we are prepared to call a shoot meristem 
an “organ”, which seems inappropriate, it is not strictly accurate to say that cytokinins 
pr< miote organ formation, although it is perhaps more justifiable to say this of the initiation 
of root primurdia in response to auxin. 

Nevertheless, the initiation of two kinds of apical meristem in response to different 
hormone levels is a highly interesting effect and raises the question as to whether differences 
in the levels of endogenous auxins and cytokinins in different parts of the plant may play a 
role in normal development. The observation that there is an increase in the levels of endo¬ 
genous cytokinins in the apical ends, and of auxins at the basal ends of cuttings of chicory 
root (p. 1S6) and that these changes precede the initiation of adventitious buds and roots, 
suggests that these hormones are important in natural regeneration. We shall return to a 
discussion of the possible role of growth hormones in morphogenesis in Chapter 13. 
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CHAPTER 7 


Growth Responses to Directional Light 
and to Gravity 


Introduction—The Environmental Control of Development 

So far, wc have considered mainly the internal processes which are involved in and may 
control growth and differentiation in plants. However, land plants are subject to a wide 
variety of external influences, including light, temperature, water stress, gravity and so 
on, which may modify the growth and development of the plant to a greater or a lesser 
degree. Some of these external influences may have deleterious effects upon the plant and 
may constitute a hazard, as with freezing temperature or drought. Animals also have to 
survive under these conditions but they are frequently able to avoid the stresses by migration 
or hibernation, whereas land plants, being sedentary, have little scope to take avoiding 
action and must tolerate the environmental stresses if they are to survive. 

However, apart from the direct effects of environmental stress on plant tissues, variations 
in certain other external factors may be advantageous to the plant by providing it with 
information about the environment which facilitates adaptation of the plant to its local 
situation. Thus, gravity never constitutes an environmental stress, but the capacity of the 
plant to detect the direction of gravity provides information whereby it can regulate its 
orientation in relation to the soil surface. In such cases the environmental factor acts as a 
signal or stimulus , and the plant responds in an active, ‘‘programmed” manner, which 
enables it to become better adapted to its environment. Thus, it is useful to distinguish 
between: 

(1) effects of environmental factors which arc direct and non-adaptivc (c.g., freezing 
injury); and 

(2) adaptive, programmed responses, in which the environmental factor acts as a signal 
or stimulus as in geotropism. 

Adaptive responses to the environment are numerous and varied and wc shall be con¬ 
sidering a number of these in the remaining parts of the book. In the present chapter wc 
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shall confine ourselves to a consideration of growth curvatures that occur in response to 
directional light stimuli and to gravity. 


GROWTH MOVEMENTS 

It is one of the characteristic properties of living organisms that they have the ability to 
perceive and respond to changes in external or internal conditions. The change in external 
conditions is called the stimulus and the resulting change in the plant is called the response. 
The response may take place in various ways, but very frequently stimulation results in 
movement. 

All plants have the capability of movement. In lower plants, such as many algae, fungi 
and bacteria, movement of the whole organism occurs. In higher plants the capability of 
movement is restricted to individual organs or parts of the whole organism. The process of 
straight extension growth itsell can perhaps be regarded as such a movement, in that, for 
example, the root tip moves through the soil as a result of growth. Other types of move¬ 
ment result from differential growth rares; that is, the organ shows different rates ofgrowth 
on opposite sides and this results in the bending of the organ in one direction. Such move¬ 
ments are termed growth movements. Not all plant movements are growth movements. 
Some are brought about by reversible turgor changes in tissues at the base of each leaf 
and there is often a specialized structure, the pulvinus, at which bending occurs due to 
reversible changes in turgor. (A pulvinus is the swollen base of a leaf or leaflet which con¬ 
tains a high proportion of thin-walled parenchyma.) 

We have already mentioned (Chapter 3) one growth movement, that of phototropism, 
where movement of an organ occurs in response to unilateral illumination. A tropic 
movement of this type is thus a response to an external stimulus. In the case of phototropism 
the stimulus is light, but other external stimuli such as gravity, water, chemicals, heat or 
mechanical contact can also induce growth movements. 

Where the direction of the response is related to the direction of the stimulus, we speak 
of a tropic response, or tropistn: but in many cases the direction of movement docs not bear 
a direct relation to that of the stimulus, and we then speak of a nastic response. Thus, a 
curvature of a shoot towards the more illuminated side is a phototropic curvature, while 
the opening or closing of flowers with a change of light intensity all round is a photonastic 
one. All tropic responses are induced by directional or unilateral stimuli, w'hcreas in nastic 
responses the stimulus inay be diffuse. Another example of a nastic growth response is 
seen in the opening and closing of certain flowers, such as those of crocus, in response to 
changes in temperature (thermonasry). When the temperature rises growth is faster on 
the inner side of the petals, so that the flower opens, whereas the reverse is true when the 
temperature falls. Not all nastic movements are growth movements, some being brought 
about by reversible turgor changes in pulvini, as in the movements of French bean [Phaseolus 
ini/^dru) leaves in response to light and dark. 

We shall consider phototropism and geotropisni in more detail below, but a few 
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examples of other types ot response may be mentioned here. The tropic movement of a 
plant organ in response to an external chemical stimulus is named chemotropism. An example 
is seen in pollen-tube growth down the style towards the ovules, for the directional stimulus 
for the elongating pollen tube is provided by certain chemicals present in the ovule and 
ovary wall, although their precise nature is not known. The familiar sight of tendrils of a 
pea plant, or other climbing plants, twining around a support is a good example of a 
response to contact or mechanical stimulus, and is called haptotropism (or thigmorropism). 
Many roots respond to differences in soil moisture content and grow towards regions of 
wetter soil [hydrotropism). There are many other examples of both tropic and nastic res¬ 
ponses which, tor reasons ot space, we cannot describe further here. 

A few growth movements in plants do not obviously result from any external stimulus, 
but appear to be spontaneous movements arising from causes within the plant itself. 
Examples are straight extension growth, nutations and epinastic movements. A mitational 
movement is seen in the growth of a plant stem, tor it does not grow straight upwards, but 
performs a series ot rhythmic movements which result in the shoot tip oscillating about the 
longitudinal axis. This particular type of nutation, called circumnutatiou, is very pro¬ 
nounced in both shoots and tendrils of climbing plants, and may confer a biological advan¬ 
tage in the finding of a support. An example of an epinastic movement is seen in the petioles 
of many species, which show a growth curvature, the upper side growing more rapidly 
than the lower, resulting in a downward movement of the lamina as the leaf grows. This 
downward movement of leaves with increasing age is known to result from an internal 
stimulus, and not from an external one such as gravity. 


PHOTOTROPISM 

Phototropism is the term applied to the phenomenon whereby a plant organ responds to 
a directional (“unilateral”) light stimulus by undergoing a directional, or differential, 
growth response. As we saw earlier (p. 48), it was studies of phototropism which led to the 
discovery of auxins. Phototropism differs from photomorphogcncsis (Chapter 8), in that 
photomorphogcnic responses arc neither dependent on a directional light stimulus nor do 
they show characteristics that arc related to the direction from which the photoinor- 
phogemc light stimulus may be received. 

In general, stems andothet aerial portions of plants arc positively phototropic (i.c. they 
bend towards the light source), while roots and other underground organs arc negatively 
phototropic (they bend away from the light source). There arc, however, many exceptions 
to these rules; for example, some tendrils and stems arc negatively phototropic, and many 
roots non-phototropic or even positively pbototropic when young, becoming negatively 
phototropic only later on. There is no doubt, nevertheless, that phototropism is of great 
importance in determining the direction in which plant organs develop under natural 
conditions. Phototropic responses, by definition, can occur only in those parts of a plant 
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that retain the capacity for growth, particularly elongation growth. Thus, one sees photo- 
tropism in the young growing stems, leaves and roots of higher plants, and also in the 
sporangiophores of some fungi, in the sporophores of mosses, and chloronemata of ferns. 
The majority of studies of phototropisni have, however, been made on etiolated coleop- 
tiles of grass seedlings (particularly of oat, wheat, maize, and barley) and on fungal sporan- 
giophores. The reasons for this are the convenience which such organs offer in experi¬ 
mentation, and their great sensitivity to directional illumination. Although such work has 
yielded much valuable information on phototropisni, one cannot be confident that the 
derived concepts are directly applicable to other organs, such as green leafy shoots, growing 
under natural daylight conditions. 

As in all environmentally induced adaptive responses, phototropisni involves first of all 
peneption of the stimulus (directional light) which is followed by development of the 
response (directional growth). One can discuss separately the mechanisms of perception and 
response, but keeping in mind that the two processes are linked together in the plant. 

'flic earliest major advance in our understanding of phototropisni was taken by Charles 
Darwin (1880) in his studies of the phototropic responses of coleoptilcs (Chapter 3). In 
particular, he demonstrated that the tip of the eoleoprile was the region of perception of a 
directional light stimulus, and that the differential growth response occurred lower down. 
Although it has subsequently been found that more basal parts of coleoptilcs may also show 
some sensitivity to directional light, Darwin’s basic results and conclusions have been amply 
confirmed. Thus, tliecolcoptile tip is the region of maximum photosensitivity, and follow¬ 
ing receipt of a directional light stimulus it transmits basipetallv some influence which 
elicits differential growth in the elongating parts of the eolcoptile. 


I he Nature of the Phototropisni Photoreceptor 

(a) Dose-response relationships. Early in the twentieth century, before the discovery of 
auxin, experimental work on phototropisni concentrated upon biophysical aspects. As 
early as 1WW it was established by Blaauw that in both grass coleoptilcs and Phycomyccs 
sporangiophores, the Bunsen-Roscoe Reciprocity Law holds over a rather wide range of 
light intensity and time. The reciprocity law states that when only a single photoreceptor 
is operating, then the photochemical effect of light remains the same if the quantity, or dose, 
of light (i.e. intensity \ time of irradiation) remains the same. Blaauvv’s observations 
therefore indicated that a single photoreceptor is operative in phototropisni, and led 
logically to investigations of action-spectra tor phototropisni with a view ro identifying 
the photoreceptive pigment concerned in the perception of directional light. 

The dose-response relationships for phototropisni are, nevertheless, much more complex 
than first appeared the case. Thus, in the case of etiolated coleoptilcs it has been found that 
with increase in the quantity of stimulus there is an increase in the bending response towards 
the light source until a maximum is reached (with approximately 0* 1J m 2 light energy), 
above which, with increasing quantity of stimulus, the response falls off until at a certain 
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value the initial “positive" curvature may even be reversed and a “negative” curvature 
(i.e. away from the illuminated side) occur. With still greater quantities oflight stimulus 
the curvature may again become positive. The three regions of the dose-response curve are 
called System I (or “first-positive”), System II (“first-negative”), and System HI (“second¬ 
positive”) curvatures (Fig. 7.1). The Bunsen-Roscoe Reciprocity Law has been found to be 
valid only for System I and System II responses, and the System Ill (second-positive) curva¬ 
ture response docs not obey the law. Because of this, an accurate action spectrum can be 
determined only for the responses to lower light dosages (ie. those eliciting System I or 
System II curvatures), and there remains a possibility that System III curvatures involve a 
different pigment, or pigment system, from that concerned in Systems 1 and 11. However, 
most workers in this field consider that it is probable that the same photoreceptor operates 
in all types of phototropic response, and that deviations from the reciprocity law result 
from as vet undiscovered interactions between the pigment and other cell components. 
However, it must again be emphasized that most studies of phototropism have been con¬ 
ducted on the first-positive (System I) responses of etiolated colcoptiles, and it is not 
possible to say how relevant are the results to green plants growing under normal daylight 
conditions. 


(b) Action spectrum studies. Research to identify the pliototropie photoreceptor has 



Fig. 7.1. Summary of Systems I, II and III phototropic curvatures of oatf^mid) colcoptiles 
exposed to varying dosages of monochromatic blue light. Colcoptiles of other cereals show a 
similarly shaped curve, except that System II may not be clearly negative. (Adapted from W. R. 
Briggs, in Photophysiobgy, Vol. 1 fed. A. C. Giese), pp. 223-71, Academic Press, New York 
and London, 1964.) 
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naturally centred around attempts to match the action spectrum for phototropism with 
the absorption spectra of likely photoreceptor pigments. Results obtained do not yet permit 
a definite decision to be taken on the identity of the pigment. The action spectrum for the 
first-positive curvature in colcoptiles (Fig. 7.2) shows that maximum curvature occurs in 
response to light of the blue wavelengths (maxima at about 445 and 474 nm, and a shoulder 
in the 425 nm region). Another, much lower, maximum occurs near 370 nm (the near 



He. 7.2. Actum spectrum for first-positive (System I) phototropic curvature in the Aetna 
colcoptilc. Maximum curvature occurs with unilateral lijflu ot the blue wavelengths. (From 
K. V. Thimann am! C. M. Curry, (Jiwi/wiifire flior/irm. i, 243-30*►, Academic Press, 1%0.) 


ultra-violet). There is a sharp cut oft in activity at about 5<W nm with no activity at wave¬ 
lengths longer than this. Such an action spectrum suggests that the phototropism photo¬ 
receptor is a yellow pigment, and detailed action spectrum studies on phototropism in 
colcoptiles have narrowed down possible photoreceptors to just a few yellow substances 
known to occur in plants. At present the two strongest possibilities arc a carotenoid or a 
Havin pigment. The absorption spectra of ^-carotene and riboflavin are shown in Fig. 7.3, 
and it can be seen that although both have absorption maxima in the blue wavelengths, 
neither ot the absorption spectra are good matches with the action spectrum tor phototrop- 
ism (Fig. 7,2). The carotenoids do not have a pcakol absorption atornear370um, and flavins 
lack the complex pattern ofabsorptiou in the blue region. On the other hand, the carotenoid 
absorption pattern in the blue region matches well the action spectrum, and flavins do have 
a strong absorption peak at 370 nm. Roth flavins and carotenoids are present in greatest 
concentrations in the apical parts of colcoptiles, with much lower levels in more basal, less 
light-sensitive, regions. 

Thus, action spectrum studies in relation to naturally occurring pigments such as carote¬ 
noids and flavins have not produced a definite answer on the question of the identity of the 
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Fig. 7.3. Absorption spectra for riboflavin and /3-carotene. Neither spectrum matches the 
acrion-spectrum for phototropism (see Fig. 7.2), but when the determination on riboflavin is 
made in a lipoidal solvent then its absorption spectrum more nearly resembles the action- 
spectrum. 


phototropism receptor. One of the dilliculties in this type o! investigation is that the 
absorption spectrum of a compound can be greatly affected by the particular solvent in 
which it is dissolved during spectrophotometry, l or example, it has been observed that the 
absorption spectrum for riboflavin as shown in Fig. 7.3 is altered so as to much more 
closely match the phototropism action spectrum (Fig. 7.2) when die pigment is dissolved 
m a suitable lipoidal solvent. Because the absorption spectrum of a pigment is so susceptible 
to chemical environment, it is really necessary to measure it in Wiv.or at least in the medium 
in which it occurs naturally, to be able to make a meaningful comparison with the action 
spectrum for phototropism. This has not proved possible to the present time. 

Other possible reasons that have been proposed to explain the lack of match between the 
phototropism action spectrum on the one hand, and measured absorption spectra of indi¬ 
vidual plant pigments on the other, arc: (a) that the active pigment may exist in the plant in 
a complex with another substance or substances, (b) tliat it may be affected by “masking 
by other light-absorbing substances, and (c) that a carotenoid and flavin co-operate in light 
absorption to act as the phototropism receptor, but this would not, of course, be expected 
from the dose-response studies which in the main have indicated that a single photoreceptor 
is involved. 

Recent research is, nevertheless, leading to the view that the phototropism photoreceptor 
may indeed be a complex between a flavin (perhaps riboflavin) and a b-type cytochrome, 
and that this flavin/b-cytochrome complex is mcmbranc-bound. The work which initiated 
this currently attractive hypothesis was first conducted in 1974 and 1975 on the cellular 
slime mould Dictyosteliwn discoideunt and on the fungi Phycomyces blakeslecanus and Nruro- 
spora crassa. These studies were not on the phenomenon of phototropism, but the results 
have attracted the interest of other workers in relation to phototropism in colcoptilcs. The 
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reason for this is that it was found that blue light (maximum approximately at 465 nm) 
brings about a phocorcduction of b-type cytochrome in these lower organisms, which is a 
region of radiation not absorbed to any significant extent by cytochrome itself. Further 
work indicated that a flavin absorbs the blue light, and close association between the flavin 
and cytochrome results in the latter being phntoreduecd. Preliminary cell-fractionation 
and other studies on Nvurospora and on '/a‘ii mays colcoptiles have suggested that a similar 
flavin/b-cytoeliroine photoreceptor is present in the cells of both organisms and is asso¬ 
ciated witli the plasma membrane. Only further detailed research can tell us whether this 
flavin/cytochrome complex lias significance in the understanding of pliototropism. 

Phytoc'hroine, the red and far-red absorbing photoreceptor concerned in the numerous 
photontorphogenic phenomena in plants (Chapter 8), does not appear to be directly con¬ 
cerned in pliototropism. 1 lowever, it is known that exposure to red-light (noil-directional) 
does affect the sensitivity of plant organs to directional blue light, and the effect ot red can 
be reversed by exposure to far-red light. Such results indicate that phytochrome is the 
pigment which mediates red light effects in pliototropism, but it is not known how phvto- 
chrome is linked to the pliototropism system. 


7 hr Mechanism of Redistribution of Growth in Pliototropism 

We have seen earlier (Fig. 3.1) that various early experiments led to the conclusion that 
there is a transmission of auxin from the eoleoptile tip to the basal tissues of the shaded 
side. Over the years, several theories of pliototropism involving auxin as a correlation 
factor have been proposed. Those arc: 

(1) The Cholodny-lVent theory , which was put forward independently by Cholodny 
and Went in the 1920s. This theory suggests that a phototropic stimulus induces a 
lateral translocation of auxin across the photosensitive region of a eoleoptile, leading 
to a higher auxin concentration in the darker half which consequently elongates 
more rapidly than the illuminated side—i.e. a positive phototropic curvature ensues. 

(2) A theory invoking photodestruetion of auxin in the illuminated tissues (see also p. 52), 
which produces a differential in auxin concentration between illuminated and 
darkened regions. 

(3) I he suggestion that the rate ot auxin synthesis is lower in the illuminated than in the 
darker parts of the eoleoptile tip. 

Apart from these three theories, there is a fourth concept, that of a light-grou’th reaction not 
necessarily involving auxin. This suggests that when light impinges on a plant cell it 
affects its growth rate, either stimulating or suppressing it, and is considered later in this 
chapter (p. 172). 

The original evidence in favour of the Cholodny-Went theory was based upon work by 
Went in 1928, who made measurements of the quantities of auxin which could be collected 
in agar blocks placed below the illuminated and shaded sides of cut eoleoptile tips (Fig. 7.4). 
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Total oumn yield fromomloterolly — 
illjm na'sfl Mps only 84% o* (hot 
oOfomed ftom tips m Cork (>• a 16 % ion) 

Fie. 7.4. Wem's origin.il experiment demonstrating that .in o.it coleoptile rip, when exposed to 
unilateral light, transmits more auxin to an agar Hock below the shaded side than to the block 
below the illuminated sidc(B). The total auxin yield from illuminated tips was 16 per cent less 
than that from tips maintained in darkness (A). This apparent loss was probably not significant 
(sec text), (From F. W. Went, Roc. Trav. Hot. .Wcr/. 25 , 1-116, 192K) 


It was found that unilateral light increased the proportion of total auxin in the agar blocks 
positioned below the shaded side. Went found that 57 per cent ot the total auxin that had 
been obtained from the non-ilium in a ted tip was collected from the shaded half of a uni¬ 
laterally illuminated tip, and only 27 per cent from the illuminated half (Fig. 7.4)—i.e. 
revealing a 16 per cent overall fall in total auxin yield following illumination, the remaining 
auxin being preferentially distributed to the darker region. I he 16 per cent fall in auxin 
resulting from exposure to light was regarded as insignificant by Went, who concluded 
that a unilateral light stimulus induces lateral migration of newly synthesized auxin bi- 
wards the shaded side. 

In his experiments, Went used a unilateral light dosage which would be expected to 
induce a first-positive curvature, blit a number of other workers have repeated Wont’s 
experiments using light dosages which would induce first-negative or second-positive 
curvatures. In all these cases an auxin differential was obtained, with the greatest amount of 
auxin emerging from the basal cut surface of a coleoptile tip corresponding to the most 
rapidly elongated side of the responding coleoptile. 

Although Went regarded the 16 per cent loss in total auxin which occurred 011 photo- 
trophic stimulation as being insignificant, a number of other workers considered that 
photodestruction of auxin in the illuminated tissues may play an important part in photo- 
tropism. It was found by Galston and co-w'orkcrs that blue light can be absorbed by natural 
plant pigments such as riboflavin, and the absorbed energy utilized in the photo-oxidation 
of IAA (sec also p. 52). Similarly, work by Zenk has shown that a naturally occurring 
xanthophyll, violaxanthin, absorbs light of wavelength of450 11 m which can energize the 
destruction of the auxin, naphthalcnc-acetic acid. Nevertheless, Briggs and his associates, 
and Gillespie and Thimann have shown that light of the dosage necessary to produce photo¬ 
tropic curvatures does not decrease the overall auxin levels in coleoptile tips. There is little 
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justification, therefore, for regarding photodestruction of auxin as playing any important 
part in phototropism in coleoptilcs. 

Even so, it is obviously of critical importance to know whether there was any real sig¬ 
nificance m the 16 per cent loss in auxin following light stimulation in Went s original 
experiment. Because of this, Briggs and his co-workers in California carried out a scries of 
experiments in 1957 using corn coleoptilcs (Zea mays), which essentially confirmed earlier 
work by Bovscii-Jensen in that the results showed that the lateral differential in auxin 
concentration occurring in pliototropically stimulated tips could be a consequence only of 
light-induced lateral transport of auxin from the light to the dark side. Briggs collected in 
agar blocks the auxin which diffused from coleoptile tips which had been subjected to 
various treatments, and then determined the quantity of auxin present in the blocks by 
means of the Went /liniii curvature test. The amount of auxin produced by the tips kept 
in total darkness was similar to that produced by illuminated tips, whether or not the tips 
had been completely separated into two vertical halves by a thin piece of glass (Fig. 7.5a-d). 
This result argues against the hypothesis of photodestruction of auxin and photoinhibition 
of auxin synthesis. Further, it was found that when a tip was stood on two separate agar 
blocks and only partially bisected at its base by a glass sheet, and was exposed to unilateral 
light incident at right angles to the glass plate, then significantly more auxin diffused into 



hu. 7.5. Auxin diffusion into agar blocks from variously treated colcoptic tips of Zea mays. The 
figure under each agar block indicates the degrees curvature produced by that block in the 
Went .4ivna curvature test for auxin. The vertical line running through some of the tips and 
agar blocks represent an impervious glass barrier. Twice as much auxin was obtained in(e) and 
(f) than in(a)-(d), because each agar block had been in contact with six half-tips, the equivalent 
of the three whole tips placed on the agar blocks in (a) to(d) inclusive. (From W. R. Briggs, 
R. D. Tocher and J. F. Wilson, Science, 126 , 210-12, 1957.) 
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the agar block below the half of the tip remote from the light source (Fig, 7.5e). When, 
however, the whole ot a coleoptile tip was bisected and separated by glass and exposed to 
the same conditions as a partially separated tip, then it was found that there was no difference 
in the amounts of auxin dirtusing into the separate agar blocks below the “light” and “dark” 
halves (Fig. 7.5f). If either auxin destruction or inhibition of synthesis was responsible for 
the observed differential in the partially split tips one would have expected that a total glass 
barrier, as in Fig. 7.51, would make no difference to the differential distribution of auxin 
observed in the partially split tips. The fact that a total glass barrier completely prevented 
the establishment of an unequal distribution of auxin led Briggs to conclude that the ob¬ 
served differential distribution ot auxin that occurs in photo tropically responding colcop- 
tile tips is a consequence of lateral movement of auxin towards the dark side, and is not a 
result of photodestruction ot auxin or ot photoinhibition of synthesis. 

In summary, most available evidence indicates that when a coleoptile tip is illuminated 
from one side, there is first of all perception of the light-stimulus, followed by transverse 
migration of endogenous auxin molecules within the tip. In the case of positive phototropic 
responses auxin moves towards the darker side, which in turn means that more auxin is 
transmitted to the region of response in the coleoptile below the darker half of the tip 
(Table 7.1), resulting in greater elongation growth of that region and consequent bending 
of the whole coleoptile towards the light source. There is some evidence that negative 
photorropism in colcoptiles similarly involves transverse migration of endogenous auxm, 
but in this case towards the light source sothatthc illuminated side contains greater amounts 
of auxin (Table 7.1) and elongates more rapidly than the darker side. 


TABLE 7.1. Effects of varying unilateral light dosages upon direction 
of phototropic curvature in oat colcoptiles and amounts of auxin 
diffusing from illuminated and shaded halves of the tips. Auxin quan¬ 
tities measured in Went Arena curvature test. (From M. Wildcn, 
Planta, 30 , 286-K, 1939-40) 




Ratio of auxin diffusing 

Light dosage 

Direction of 

from tip halves 

(me s) 

curvature 

(illuminated :shadcd) 

1,500 

positive 

17:H3 

11,400 

negative 

62:3 K 

150,000 

positive 

36:64 


The concept of lateral migration, or transport, of auxin as a major component of the 
phototropic response mechanism has also received support from results of experiments 
that have demonstrated lateral migration of radioactivcly labelled exogenous auxin 
( 14 C~IAA, or 3 H-IAA) in response to unilateral illumination of colcoptiles. Especially 
convincing have been experiments by M. B. Wilkins and associates, in which 3 H-IAA of 
high specific activity was applied by micropipctte to the apical end of intact colcoptiles (i.e. 
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the radioactive auxin was administered at extremely low concentration to the most photo¬ 
sensitive region of the organ). 

Although we may assume that transverse migration of auxin occurs under the influence 
of directional blue light, the mechanism by which this occurs is unknown. An attractive 
possibility that was emphasized during the 1930s and 1940s was that an electrical potential 
difference between light and dark sides of a unilaterally illuminated organ is involved. Such 
bioelectrical potentials of approximately 100 mV occur spontaneously in phototropically 
responding organs, and it was suggested that ionized acidic auxin molecules migrate 
electrophoretically towards the more electrically positive dark side. But more recent 
research with refined instruments has shown that the lateral potential is not set up until 
after lateral auxin transport has already started. Furthermore, decapitated, auxin-depleted, 
coleoptiles do not develop such a transverse potential unless exogenous auxin is adminis¬ 
tered. It seems, therefore, that the transverse potential is a consequence, rather than cause, 
of differential growth rates in the dark and light halves of a phototropically responding 
colcoptile. 


The Light-growth Reaction 

In the early years of this century it was noticed by Blaauw that in both grass coleoptiles 
and Phycomyccs sporangiophores, blue light administered symmetrically results in transient 
changes in growth rates. This has been called the “light-growth reaction”. Blaauw and 
subsequent workers have established that in Phycomyas there is first an elevation of growth 
rate, then a depression followed by a return to the normal rate. In coleoptiles there occurs 
at first (3-20 minutes blue light) a depression, then (25-45 minutes) an elevation, and then a 
return to the control rate after about an hour. The action spectrum for these light-growth 
reactions matches the action spectrum for phototropisin for the particular organism. Some 
workers, including Blaauw, concluded that phototropisin can be explained completely in 
terms of the light-growth reaction. 

Thus, it has been sometimes envisaged that in the oat colcoptile, where blue light initially 
suppresses growth, a unilateral irradiation with blue light would set up the type of growth 
asymmetry required tor commencement of a positive curvature (i.c. towards the light 
source). However, it is difficult to understand what would happen after the first 20 minutes, 
when the transitory growth inhibition is converted to a transitory increase in growth rate, 
but it is possible that the time relationships arc different under conditions of unilateral 
irradiation. 

In the case of the light-growth reaction of the Phycontyccs sporangiophore, illumination 
results in an initial increase in growth rate, which at first sight makes it difficult to see how 
it can explain curvature toward a unilateral light source. However, elegant experiments 
have revealed that the reason is that the sporangiophore acts as a cylindrical lens, focusing 
light internally onto the “shaded” side and presumably causing there a greater photo¬ 
chemical reaction and greater acceleration of growth on that side. Immersion of the 
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sporangiophore under paraffin oil results in ic executing a negative rather than the normal 
positive phototrophic curvature, presumably because the liigh refractive index of the oil 
disperses incoming light and prevents it being focused on the tar side of the sporangio¬ 
phore; thus, the light-growth reaction would take place to a greater extent on the illumi¬ 
nated side, and curvature away trom the light source would take place. Phototropism in the 
Phycomyccs sporangiophore does, therefore, appear to result trom a blue liglu-growth 
reaction with the lens effect being essential for normal positive curvatures. On the other 
hand, the involvement of a light-growth reaction in phototropic responses ofcoleoptiles 
or other higher plant organs has never been convincingly demonstrated. Nevertheless, and 
inexplicably at present, it has been reported that immersion of oat coleoptiles in paraffin 
oil reverses the direction of phototropic curvature just as in Phycomyccs sporangiophores. 
Also, positive phototropism in chloroneinata of ferns appears to involve a light-growth 
reaction, but in this case it is red, and not blue, light which is effective, and it is therefore 
likely that phytochrome is involved (Chapter 8). 


Phototropism in Great Plants 

The great majority of experiments so far conducted on phototropism have been con¬ 
cerned witli the behaviour of etiolated organs, particularly coleoptiles. It is not possible to 
say how relevant the findings and derived concepts are to the situation in green leaf y plants. 
Very few experiments indeed have been done on light-grown plants- either monocotyle- 
donous or dicotyledonous, but available evidence indicates that light-grown plants are 
much less sensitive to directional blue light than are etiolated coleoptiles, responding only 
to energies corresponding to the second-positive response of etiolated coleoptiles. Nothing 
is known of the photoreceptor pigment(s) in phototropism of green plants. An added 
complication m leafy shoots, particularly in dicotyledonous plants, is that it lias been found 
that most of the auxin required for elongation of the stem comes from the young expanding 
leaves near the apex. In other words, the lamina of a young leaf exports auxin via the petiole 
into the stem. Consequently, any phototropic curvature of such a stem must be a result of 
some alteration in the distribution, or quantity, of auxin coining from the leaves. In the case 
of sunflower plants (Helianthus attnuus), the leaves arc arranged in pairs on opposite sidrs of 
the stem (decussate arrangement) and it has been found that each leaf of a pair will, if both 
arc illuminated to the same degree, supply equal quantities of auxin to the stem (Fig. 7.6A) 
If, however, one leaf of a pair is more brightly illuminated than the other because of its 
orientation in relation to the incident light (Fig. 7.813), then the leaf receiving a higher 
intensity of light produces a greater quantity of auxin than its partner. This perhaps results 
in the side of the stem beneath the brightly illuminated leaf receiving more auxin and 
consequently growing at a more rapid rate than the other side, causing the stem to execute 
a positive phototropic curvature, until the position is reached whereby both leaves receive 
light at equal angles of incidence (Fig. 7.6C). 
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h(.. 7.6. 1:1 Feet of light intensity on auxin production in young leaves of Helianlhus anttuus, and 
on the induction of a phototropic curvature in the stem. A. Both leaves illuminated equally and 
producing equal quantities of auxin. B. The illumination of leaf X is higher than of leaf Y, 
because of the difference between the angles at which the light strikes them. Hence there is 
greater auxin production by leaf X than by leaf Y. (’. Phototropic curvature resulting from 
unequal auxin production by the opposite leaves.(From H, Shibaoka andT. Yamaki, Sri- Papers 
Coll. (iYm. LJttc. Tokyo, 9, 105-26, 1059.) 


GEOTKOPISM 

This term is applied to growth movements induced by a gravitational stimulus. Growth 
of an organ towards the centre of the earth is termed positive gcotropism, and growth away 
from the centre of the earth negativegeotropism. Positively and negatively geotropic organs, 
such as the stem and root of the main plant axis, which align themselves parallel to the 
direction ot the gravitational pull, arc said to be orthogcotropic. When the axis of an organ 
come to lie at right angles to the direction ot the gravitational held it is said to be diageotropk 
(e.g., rhizomes ot Solomon’s seal, couch grass, etc., or stolons of potato and strawberry). 
Where an organ becomes oriented at intermediate angles (i.e. between O' and 90°, or 
between 90 and ISO from the vertical), is it said to be plagiotfcotropic (e.g. lateral branches 
are very often so). Most main roots are positively geotropic. The rhizomes of many mosses 
are sometimes positively geotropic, but, in general, positive gcotropism is not well 
developed in lower plants. Negative gcotropism is shown bv the stems of higher plants, 
by the sporangiophores and sporophores ot many tungi, and by the foliage shoots of 
mosses. While many rhizomes and stolons are diagcotropic, lateral stems and lateral roots 
ot the first order and toliage leaves are commonly plagiogeotropic. Lateral shoots and 
lateral roots ot a higher order generally possess little geotropic sensitivity and arc conse¬ 
quently said to be azeotropic. 

Moving a plant Irom its usual vertical position to a horizontal one causes gravity to act 
across the width ot stem and root. This results in growth curvature responses, whereby the 
stem bends to grow upwards and the root bends to grow downwards. This can easily be 
demonstrated with a young seedling, such as that o(Zt'a mays or mustard. 
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Geotropism resembles phototropism in a number of respects. It is a response to a direc¬ 
tional stimulus ; it involves differential elongation growth leading to curvature ; perception 
of the gravitational stimulus occurs in the apical region of coleoptile. shoot or root; ami 
there is transmission of a growth-reguiatmg factor from the region ot perception to the 
region of response. 


Gravity Perception 

Some sort of geoperccptive mechanism must exist in plants, which senses the direction ol 
gravity in relation to the orientation of the organ. It has been known for many years that 
the geotropic response is a “threshold” phenomenon, in that a gravitational stimulus lws 
to reach a certain minimum level, specific to the particular organ, in order to evoke a 
geotropic bending response. The quantity of stimulus is equal to the gravitational force 
multiplied by the time for which it acts. For a given force, the period of exposure that is 
required to elicit a just detectable response is called the presentation time. Such threshold 
phenomena suggest that geopcrception in plants involves the movement ot free-falling 
bodies, or statoliths , which must move a certain distance to trigger the geotropie response 
mechanism. At a given temperature the presentation time is proportional to the inverse 
of the quantity ot gravitational stimulus applied; that is, reciprocity holds tor the geotropic 
stimulus as well as for the phototropic stimulus. 

Mathematical analyses have been made to evaluate putative statoliths, and these have 
indicated that cellular inclusions as small as mitochondria could move rapidly enough with¬ 
in the cytoplasm in response to gravity to account for known presentation times. 1 lowever, 
the kinetics of geopcrception match most nearly the kinetics of gravity-induced displace¬ 
ment of starch grains in plant cells (Fig. 7.7). In fact, light-and electron-microscope studies 
of statocytes (gravity-sensing cells that contain statoliths) have revealed sedimentation of 
starch grains in response to gravity (Fig. 7.8), and also that the sedimentable starch grains 
arc membrane-bound as amylopfasts (an amyloplast is a modified plastid, containing two to 
several starch grains). Not only are the positions of amyloplasts changed following re- 
orieiitation of statocytc cells, but other cytological events have been observed. Golgi 
bodies, for example, have been observed by Shcn-Miller to sediment in gcostimulated 
cells, and the distribution of the endoplasmic reticulum is also altered. However, although 
Golgi bodies and other organelles (in the Chara rhizoid barium sulphate crystals appear to 
serve as statoliths) may function as statoliths in some tissues, particularly those that do not 
contain amyloplasts, there is considerable circumstantial evidence that in most plant organs 
geotropie responses arc initiated by the sedimentation of amyloplasts under the influence 
of gravity. Thus, plant organs deficient in starch (cither naturally so or experimentally 
“destarched” by treatment with solutions of cytokinin and gibbcrcllin, or low tempera¬ 
ture) have been found to require very much longer presentation times for a geotropie 
response to occur. 
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I k;. 7.7. Positive correlation observed between presentation time in gcotropisin oi /.iirl;yru.< 
dt ioratus seedling stem, ami time taken for starch grain sedimentation at different temperatures. 
(Prom i Hawker, Attn. Hot. 47* 505-15, 1033 ) 


a e c 



Hu;. 7 .S. Diagrammatic sections through statocytes following gcotropic stimulation m three 
different positions. In each case the statoliths (amyloplasts) sedimented to the lowermost face ot 
the cell. {Front L. Hawker. . Inn. Hot. 46 , 121, 1932.) 


Evidence that apical regions are the principal sires of geoperception in geotropic pheno¬ 
mena has been mainly derived from studies of grass and cereal coleoptiles, and of seedling 
roots ot various monocotyledon ous and dicotyledonous species. Removal of the apical few 
millimetres ot either a eoleoptile or a primary root prevents them from responding to a 
gravitational stimulus. Furthermore, replacing the tip with a layer of gelatine between 
stump and tip allows a gcotropic curvature to develop, indicating that, as in phototropic 
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phenomena, perception of the stimulus takes place in the tip, following which there is 
evidently transmission of a chemical growth stimulus from the tip to the region of differen¬ 
tial growth response. 

In the case of geotropism in seedling roots, it has been established for several species that 
the important georesponsive amyloplasts are located in the central cylinder of root-cap 
cells. By micromanipulation it is possible to remove the root cap from otherwise intact 
roots, and this abolishes geotropic responsiveness in most species. Only roots that contain 
additional sedimentable amyloplasts in the root apical zone, or which rapidly form such 
amyloplasts after root-cap removal, retain some ability to respond to a gravitational stimu¬ 
lus after depriving them of the root cap. 

Although it is quite w r cll established that geoperception in geotropism involves sedi¬ 
mentation of statoliths, usually amyloplasts, in specifically situated statocyte tissues, little 
is known of the nature of the biochemical or physiological changes induced within stato¬ 
cyte cells by organelle displacement. Changes nevertheless certainly do take place, for after 
gravistimulation statocyte tissues affect the distribution of growth in the spatially separate 
responding region. In other words, the perceived stimulus results in transmission of some 
signal to the region of response. 


The Mechanism of Redistribution of Growth in Geotropism 

The rip regions of colcoptiles, stems and roots arc not only sites of geopercept ion but also 
of the synthesis or release of growth hormones. Very little can be said about the means by 
which growth is redistributed in stems, largely because rather few studies have been made 
of geotropism in leafy shoots. Etiolated colcoptiles, in contrast, have received much more 
attention, and so too have seedling roots. Because the roles of growth hormones in roots 
are so little understood, it is necessary here to discuss separately available information on the 
gcotropic response mechanisms in colcoptiles .and roots. However, for both colcoptiles and 
roots it is generally considered that sedimentation of statoliths in statocyte cells results in 
compression of various cellular membranes, which in some unknown manner results in 
alterations in growth hormone synthesis, release and/or transport patterns. 

Colcoptiles and stems. By analogy with the mechanism of response in phototropism, it 
might reasonably be expected that the differential growth occurring on the upper and lower 
sides of a horizontal organ involves an unequal distribution of auxin in the region of res¬ 
ponse, and there is much evidence in support of this conclusion. Various experiments have 
shown that auxin moves in the direction of the gravitational field, that is downwards. This 
means that when a plant is placed horizontally, higher auxin concentrations arc created 
along the lower sides of the stem and root. 

The first experiment demonstrating that auxin moves laterally downwards across a 
horizontal organ was performed in Holland by Doik, in 1930, although the original pro¬ 
posal that this took place was put forward independently by Cholodny in 1924, and by 
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Wen tin 192b. Dolk placed excised coleoptile tips of .4 vena sativa and Zea mays horizontally, 
and collected the auxin which diffused from the upper and lower halves. More auxin was 
obtained from lower halves than from upper halves of tips of both species, while the total 
auxin yield of the organ was the same as that of similar but vertical tips. A number of other 
workers have repeated Dolk’s experiments using various organs from other plant species, 
and found similar distributions of auxin between the top and bottom halves (Fig. 7.9). 
More recently it has been found that when radioactive IAA (I A A 14 C) was applied to the 
apical ends of horizontal sections of the coleoptilcs of Zea mays and Avena sativa , and of 
the Iiypocotyls of l Jelianthus annuus, it emerged asymmetrically into agar receiver blocks at 
the basal ends, so that more IAA 14 C was found to have passed into the lower than into the 
upper receiver block. 


Horizontal Zea mays coleoptile tip 


Separated agar blocks 



^-The auxm collected in the upper blocks 
produced an overage of only l7-7°m 
the Avena curvature tests 


The auxin collected in the lower blocks 
produced an average of 34 Q® m 
the Aveno curvature test. 


Hu.. 7.‘J. Greater amounts ot auxin diffuse from the lower side of a horizontally positioned 
coleoptile tip than from the upper side. The amount of auxin present in each agar block was 
measured by means of the Went ch-t ua curvature test (see Chapter 3). (From 13. Gillespie and 
W. U. liriggs. Plant Physiol. 36 , 364-8, 1%1.) 


I bus it has been clearly established that a lateral migration of auxin can occur under 
the influence of a gravitational field as well as of a light gradient. The higher concentration 
of auxin along the lower side of a hypocotyl or coleoptile presumably induces a greater 
growth in that region compared with the upper side, bringing about upward curvature. 

Regardless ot the nature of the geoperceptive system itself, gravity-stimulated tissues 
must possess a mechanism which brings about the lateral migration of auxin molecules. It 
is possible that this mechanism is an electrical one, for it has been found that a gcockrtrical 
potential is set up across coleoptilcs, stems and roots when they arc positioned horizontally. 
Measurements ot this electrical potential difference have shown that it amounts to from 
3 to 20 millivolts, with the lower side positive with respect to the upper side. Thus, it is 
possible that the negatively charged 10 ns ot dissociated auxin move to the lower side under 
the influence ot this electric held. However, recent work has shown that a lateral potential 
does not develop until curvature ot the organ has commenced. This suggests that lateral 
displacement ot auxin occurs before the geoelectrical potential is set up. Tints, it must be 
admitted that at present we have no idea how a displacement of starch grains in cells in the 
tip region could bring about a differential auxin distribution on the two sides ofa horizontal 
organ. 
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Although there is well-substantiated evidence for the occurrence of downward lateral 
auxin transport in geostimulated coleoptiles, and limited amounts of similar data for hypo- 
cotyls, there is little or no convincing evidence tor similar lateral transport of auxin in 
internodes. Very few experiments have been conducted on stem tissues orher than liypo- 
cotyls, but these have tended to cast doubt upon the Cholodny-Wcut theory in that either 
no, or only very slight, downward lateral movement ofradiolabelled auxin is detectable in 
horizontally positioned internode segments. It is, of course, possible that endogenous auxin 
levels rise in the lower sides of horizontal internodes of intact plants, hut more careful 
research is needed to establish whether this is so. 

Recently, endogenous gibberellins have been found to be asymmetrically distributed in 
gcotropically responding internodes of sunflower (Hclumtlms animus), with higher levels 
present in the lower, more rapidly elongating, side. Studies with radiolabelled gibberellins 
on stem segments has indicated that this asymmetry does not result from lateral displace¬ 
ment of gibbercllin but possibly from greater synthesis and/or more rapid longitudinal 
transport in the tissues of the lower side of horizontal stems. Further work is required to 
evaluate the significance of these observations to ail understanding of geotropism in stems. 

Roots. Until recently, concepts of the response mechanism in root geotropism were 
similar in principle to the mechanism suggested by (Iholodny and Went in the 1920s for 
phototropism and geotropism in coleoptiles. That is, it lias been considered that auxin is 
synthesized or released from the root apex and undergoes lateral displacement towards 
the lower side of the organ. Because root elongation is inhibited by much lower concentra¬ 
tions of auxin than are supra-optimal for coleoptile or stem elongation (Chapter 5), it was 
thought that the auxin concentration oil the lower side ot a horizontally positioned root 
increases to become supra-optimal and consequently inhibitory to the growtli of the auxin- 
sensitive root tissues. On the basis of this theory, the upper side of a horizontal orthogco- 
tropic root would contain auxin at a more nearly optimal level and consequently grow at a 
more rapid rate than the inhibited lower side, resulting in a downward curvature of the 
root. However, current confusion as to the possible role of auxin in root elongation growth, 
and the problem of whether or not auxin is synthesized in root tips (Chapter 5), means that 
it is not possible to ascribe a role to auxin in root geotropism. Nevertheless, an open mind 
should be kept on the problem, for there exists experimental evidence that downward 
lateral displacement of auxin can occur in gcotropically responding roots. 

Over the past few years, it has been found that the root cap is not only the site of gcoper- 
ccption in root geotropic behaviour, but that in addition it appears to be a source of growth 
inhibitors, including abscisic acid, that play regulatory roles in root elongation, Both in¬ 
direct and direct experimental evidence has been obtained to establish this. Thus, for 
example, M. B. Wilkins and his colleagues have done a range of experiments with Zca mays 
roots involving root-cap removal, removing half root caps, and the insertion of glass 
barriers (Fig. 7.10), which have convincingly demonstrated that the root cap exerts an 
inhibitory effect on root elongation and that under the influence of gravity this influence 
becomes asymmetrically distributed to cause greater inhibition of the lower half of a 
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horizontal root. Other direct analytical work has revealed the presence of several growth 
inhibitors in root caps, the most important of which appears to be abscisic acid (ABA). 
Preliminary studies of the movement of[ 14 Cj-ABA have shown that ABA is transported 
basipetally in roots, and may be displaced laterally to the lower side in horizontal roots, but 
further more refined work is required to confirm this. On the basis of present evidence, 
therefore, it is reasonable to speculate that ABA may be concerned in the regulation of cell 
extension during the geotropic response of roots. 



Direction of 
action of 
gravity 


hu. 7.U). l)i.ij;r.mniutK representation of some of the experiments winch have indicated that 
ihe rout cap is the smirre of growth inhibitor which o involved m the geotropic response 
mechanism in roots. Ihe root e.ip is shown in bl.uk, and the elongation zone of the root is 
shaded. A. Vertical intact root grows downwards. 15. Removal of half the root cap results in 
bending towards the remaining lull cap regardless of the direction of gravity. (Insertion of a 
glass barrier between halt the root cap and the elongation zone has the same effect as removing 
half the cap. 1 >. A similar barrier in the absence of the cap has no effect. L. A barrier positioned 
behind the growing /one is without effect. 1 : Intact horizontal root executing normal down¬ 
ward geotropic curvature. (i. Removal ol the root cap abolishes geotropism (because it appears 
to be both the region of geopeueption and the source of growth regulating substances!. H. A 
horizontal glass barrier through the root cap and apex abolishes, or largely removes, geotropism 
in a horizontal root. 1. A glass barrier similar to that in H, but orientated vertically, docs not 
prevent the development of a geotropic curvature. (Adapted from M. B. Wilkins, Current 
AJv. Plant Sri. 6(3). 317-2S. l'>75.) 

I he root cap thus possesses the capacity to detect gravity and also to produce and trans¬ 
port growth regulators in such a way as to control the direction in which the root grows, 
furthermore, it appears that the root cap ean also be sensitive to light, tor in cereal roots the 
production ot growth inhibitors, including A BA, bv the cap rises following its exposure to 
light. I his phenomenon may explain the tact that positive geotropism occurs in cereal 
roots only after they have been exposed to light, particularly as it has recently been found 
that addition ot exogenous ABA to intact completely dark-grown roots ot Zca mays 
induces downward bending in response to gravity. 
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Other Gravity-regulated Developmental Responses 

We have considered above the physiology of orrhogeotropism, especially as it is under¬ 
stood for coleoptiles and roots. However, tor most plant organ geotropic behaviour is not 
necessarily constant. A given organ can change during development from being negatively 
to positively geotropic, or vice versa. Thus, in certain species flower and fruit stalks show 
such reversals between the flower-bud and mature fruit stages (e.g. in Papaver, Fritilhrut 
and Tiissikgo). Correlative influences from other parts of the plant can also modify an 
organ’s geotropic behaviour. The clearest example of this is seen in the influence that the 
apical bud of the main, orthogeotropic, shoot has upon the orientation of lateral organs 
such as leaves and lateral shoots. Lateral shoots and leaves are normally orientated at some 
angle between vertical and horizontal (i.e. they are plagiogeotropic), and removal of the 
apical bud of the main axis results in an upward (hyponastic) movement of both leaves and 
branches. One or more of the lateral branches usually become orthogeotropic and grow 
vertically upwards. Thus, it is clear that plagiogeotropic behaviour of laterals is at least 
partially determined by some correlative influence from the main apex. Exogenous auxin 
can substitute for the apical bud m maintenance of plagiogcotropism in laterals, which 
suggests that the correlative mechanism in regulation of geotropic behaviour is in some 
ways similar to that which operates in other apical dominance phenomena (Chapter 5). 

Other important examples ol the effects of gravity on plant development fall under the 
general heading olgraviworphic effects. The term gravitnorphisw has been used to categorize 
the morphogenetic, or developmental, effects that gravity can have in addition to geo- 
tropisms. Reaction-wood formation in plagiogeotropic branches is an obvious example of 
a gravimorphic effect. Others include the marked tendency for lateral lnids to grow only 
from the upper sides of horizontal or plagiogeotropic shoots, the buds on the lower side 
remaining inhibited, and the promotion of flower-bud initiation in horizontally trained 
branches of fruit and other trees. 

Lhe physiology of these other types of gravity-induced growth and differentiation 
responses has received only limited study, and it is not yet possible to present a clear picture 
of mechanisms concerned. Nevertheless, from work that has been done, it appears that 
gravimorphism and plagiogcotropism are similar to orthogcotropisni insofar as they are 
mediated through asymmetries in endogenous growth hormone distribution. 
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CHAPTER 8 


Phytochrome and Photomorphogenesis 


In the preceding chapter we dealt with plant responses to the directional stimuli of light 
and gravity. In addition to phototropism, plants show other types of response to light 
signals. In the following chapter we shall consider plant responses to seasonal variations in 
the length-of-day (photoperiodism). In this latter type ot response, the plant appears to have 
time-measuring capabilities which enable it to detect seasonal changes in the lengths of 
day and night. In addition to phototropism and photoperiodism, there are still other types 
of plant response to light signals, which are neither directional nor periodic, and which are 
included under the general term photomorplwgaicsis. As we shall see, photoniorphogenesis 
includes a range of diverse phenomena which arc controlled by specific photoreceptor*, 
forming the phytochrotiw system. 


THE RED/FA R-RF.P PHENOMENON 

A major advance in our understanding of photoniorphogenesis arose from the investi¬ 
gations of H. A. Borthwick and S. B. Hendricks of the li.S. Department of Agriculture, 
on the responses of a light-sensitive variety of lettuce seed. This type of seed shows little 
germination in the dark at 25' C, but germinates well if exposed to a short period of illumi¬ 
nation. By exposing seeds to various parts of the spectrum Borthwick and 1 Icndricks were 
able to demonstrate that the most effective region for the promotion of germination was 
in the red (maximum effectiveness at 660 nm), with a subsidiary peak in the blue. Far-red 
(maximum at 730 nm) radiation does not promote, but earlier work had shown that it is 
inhibitory to germination (Fig. 11.4). Borthwick and Hendricks investigated the inter¬ 
action between the effects of red (R) and far-red (FR) radiation by exposing the seeds to 
R and FR alternately. They made the crucial discovery that the effects of R and FR arc 
mutually reversible and that whether germination occurs or not depends on the nature of 
the last radiation to which the seeds are exposed (Table 8,1). Thus, each succeeding irradia¬ 
tion reverses the effect of the preceding treatment. 

Now, it is clear that where a particular region of the spectrum causes a specific biological 
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TABLE 8.1. Control nflettuceseedgerniinationbyredandfar-redlight(from 
Borthwick el ai, Proc. S ! at. Acad. Sci. U.S ., 38 , 662, 1952) 


Irradiation 

Percentage 

germination 

Red 

70 

Red/Ear-red 

6 

Red/Far-rcd/Red 

74 

Red/Ear-red/ Kcd/Far-rcd 

6 

Red/Ear-red/ Red/Far-red/ Red 

76 

Rcd/Far-rcd/Red/Far-red/Red/Far-red 

7 

R ed/Far- red / R ed/Far-red/ Red/Far-red/ Red 

81 

Red/Far-red/Red/Far-red/ Red/Far-red/Red/Far-red 

7 


effect, the tissues of the organism must contain a photoreceptor (or “pigment”) which 
absorbs selectively in that region Thus, it would appear that we have to postulate the 
presence of two photoreceptors in lettuce-seed tissue, one of which absorbs selectively in 
the red region and a second which absorbs in the far-red. However, Borthwick and 
1 lendricks made the bold suggestion that there is essentially only one photoreceptor which 
can exist in the two alternative forms l\. and P fr and that each form is capable of being revers¬ 
ibly converted into the other form, an hypothesis symbolized in the equation: 

Red 

l\ z==t Pfr 

l*ai red 

it will be seen that this hypothesis was based upon simple experiments 011 the effects of light 
upon the germination of lettuce seed. I or some years the scheme remained entirely hypo¬ 
thetical, bur later members of the same group constructed a special dual wavelength 
spectrophotometer which was capable of detecting small changes in the absorption spectra 
of etiolated plant tissues, at 660 11111 and 730 11111 . It was necessary to use etiolated plant 
tissues, since the presence of chlorophyll masks the absorption by other pigments in the red 
region. The instrument measured the difference in absorption of the tissues at 660 11 m and 
730 mu, during rapid alternation between irradiation at these two wavelengths, and it was 
found that after exposure of the dark-grown tissues to red light the absorption changed 
slightly, so that they absorbed more at 730 11 m (Fig. 8.1), and the reverse change occur¬ 
red it the tissues were now exposed to FR. Thus, the changes predicted by the hypothesis 
were fulfilled. In further work it was possible to demonstrate similar changes in cell-free 
extracts of etiolated tissues. Indeed it was possible to see a visible change in colour of the 
extracts with the naked eye, following exposure to R or FR. These changes in absorption 
properties were used to detect the presence of the photorcceptor(s) in further purification 
procedures and ultimately it proved possible to isolate a single protein which showed 
reversible changes 111 its absorption spectrum following exposure to R and FR, in exactly 
the manner originally postulated by Borthwick and Hendricks, who called this substance 
Phytochrome. 
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Fig. 8.1 “Differencespectrum” for phytochromc, showing absorbances oi etiolated mai/e tissue 
after saturating exposures to red and far-red light (above) and the difference in absorbance 
(below'). (From Butler, W. L., K. H. Norris, H. W. Siegelman and S. I). Hendricks, Proc Hal. 
Acad. S(i., U.S.A. 45 , 1703, 1959.) 


Phytochrome has subsequently been isolated in a very pure form and the protein part 
of the molecule apparently has a molecular weight of 120,fXK) daltons, while the non¬ 
protein, light-absorbing part (chromophore) has been shown to be a tctra-pyrrolc com¬ 
pound related to the phycocyanins of the blue-green algae (Fig. 8.2). There is still some 
uncertainty as to the nature of the intra-molccular changes undergone by the chromophore 
when exposed to R or FR, but one suggestion is illustrated in Fig. 8.2. There is also some 
evidence that the protein part of the molecule may undergo a conformational change 
during photoconversion. The absorption spectra of pure P r and P ir arc given in Fig. 8.3. 


THE RANGE OF PHYTOCHROME-CONTROLLED RESPONSES 

Since the original discovery of R/FR reversibility in lettuce seeds, similar effects have 
been demonstrated for a wide variety of plant responses and in all the main groups of 
plants from the green algae to the flowering plants (Table 8.2). It will be seen that these 




186 


The Control of Growth and Differentiation in Plants 


COOH COOH 

I I 

CH S CH r CH 2 CH, 



Fti.. 8.2. Suggested changes within the chromophore of phytochroine occurring during 
photoconversion. (From H. W. Siegel man, I), j. Chapman and W. J. Cole, in Porphyrins and 
Related Compounds, Ed. T. W. Goodwin, Academic Press, London, 1968.) 



WoYelerxjtti, nm 


Fig. 8.3. Absorption spectra of a solution of oat phytochrome following irradiation with red 
and tar-red light, giving the P tr (broken line) and P r (continuous line) forms, respectively. 
(From H. W. Siegelman and W. L. Butler, Ann. Rev. Plant Physiol. i6, 383, 1965.) 




Phytochrome and Photomorphogatais 
TABLE 8.2. Some phytochrome-controlled responses 
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Algae, bryophytes and pteridophytes 
Spore germination 
Chloroplast movement 
Protoncma growth and differentiation 


Gymnosperms 
Seed germination 
Hypocotyl hook formation 
Internode extension 
Bud dormancy 


Angiospems 
Seed germination 
Hypocotyl hook formation 
Internode extension 
Hoot primordia initiation 
Leaf initiation and growth 
Leaflet movement 
Electrical potential 
Membrane permeability 
Phototropic sensitivity 
Geotropic sensitivity 
Anthocyanin synthesis 


responses include spore germination, cpicotyl hook opening, leaf expansion, inter node 
extension, and root initiation, as well as numerous responses at the sub-cellular and molecu¬ 
lar level, such as chloroplast movement, enzyme synthesis and changes in membrane 
permeability. In all these cases it has been demonstrated that R and FR have opposite effects, 
with similar action spectra {Fig. 8.4), and show R/FR reversibility. These R/FR effects are 
so characteristic of phytochroinc that where they can be demonstrated for any given 
biological response, the latter can be assumed to involve phytochrome. It is these manifold 
aspects of growth and development under phytochrome control which arc referred to as 
plwtomorphogenesis. 



Fic. 8.4. Action spectra for the red and far-red physiological responses controlled by phyto- 
chrome. Continuous line: red effects; broken line: far-red effects. (Adapted from F. B. Salisbury, 
Endeavour, 24, 78-80, 1965.) 




188 


The Control of Growth and Differentiation in Plants 


It is evident that phytochronic control docs not apply only to special phenomena, such 
as light sensitivity in seeds, but is involved in some of the most general aspects of develop¬ 
ment, such as leaf expansion and stem extension in normal development of the green shoot. 
Everyone is familiar with the characteristic appearance of etiolated shoots which have 
grown in complete darkness. These symptoms of etiolation can be reduced by quite short 
periods (5 minutes) of daily irradiation with red light, and the effects of R can be reversed 
by FR, indicating phytochrome control (Fig. 8.5). However, the development of chloro¬ 
phyll requires longer periods of irradiation and wc shall see that the full development of 
what we regard as a ‘‘normal” green shoot requires quite high energy levels (p. 196). 



Fu;. H.5. Phytochromc control ot shoot development in bean erdjjitriV). Treatments: 

(a) grown in continuous darkness; (b) exposed to 2 minutes red light: (c) 2 minutes red and 
5 minutes far-red; (d) 5 minutes far-red. (From R. j Downs. Plant Physiol. 30 , A(\H, 1955.) 


DETECTION AND MEASUREMENT OF PHYTOCHROME 
IS 171 'O 

The detection and measurement ot phytorhrome in plant tissues is based upon spectro- 
photometric measurements of the differences in light-absorption spectra at 660 nm and 
730 tun following irradiation with R and FR, using similar methods to those employed 
for the original isolation of phytochromc. 1 he tissue is first irradiated with red light to 
convert the phytochromc to the P fe form and the difference between the absorbance at 
660 nm and at 730 nm determined (A.d r ). The pigment is then converted to the P r form by 
exposure to FR, and the difference in absorbance at the two wavelengths again determined 
(AH fr ). 
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The overall difference between the two measurements (Fig. 8.6) will be related to the 
total amount of phytochrome present. 

That is: 

A(AH) = AH fr A A r 

where A/1 is the difference in absorbance at 66(1 and 730 mn. 

Etiolated tissues have been found to have a high content of phytochromc, the highest 
concentrations being found in meristeinatic tissues, including shoot and root tips and 
cambial tissue. The phytochrome content of green tissue is too low to detect spcctro- 
photomctricallv, but low' amounts have been found in extracts of leaves of a number of 
species. 



Fig. 8.6. Diagram ot absorbance changes measured in the phytochronic assay. Note: A r 
x — Xj (alter red), A fr — y— y, {after far-red). {From R. E. Kendrick and ii, Frankhnd, 
Phytochromc and Plant Growth, Edward Arnold, London, 1976.) 


THE INTRACELLULAR LOCALIZATION OF PHY TOCHROME 

Attempts have been made to identify the sites at which phytochromc occurs within the 
cell. The most direct approach has been through the use of iinmunocytochemicai tech¬ 
niques. Rabbit antibodies against purified phytochromc were produced and applied to 
sections of plant tissues. As a result, rabbit antibody molecules will become attached to 
phytochromc molecules within the cell. The section is then treated with sheep antiserum 
to rabbit antibody and this is followed by a rabbit antipcroxidasc-pcroxidase complex so 
that each phytochrome molecule is “tagged” w ith the enzyme peroxidase, the location of 
which can then be detected by histochemical methods (Fig. 8.7). Such studies have indi¬ 
cated that in the P T form phytochromc is not strictly localized within the cell, and occurs in 
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l-u;. K.7. A double indirect technique tor the visualization of an antigen (sec text). Components 
ot the l ibelling procedure are: Ag, phytochroinc; RAI } , rabbit anti-phytochrome serum; SAR, 
sheep anti-rabbit imiminuglobulin serum; APO, rabbit anti-peroxidase immunoglobulins; 
I'l), peroxidase. (Prom L. H. Pratt, R. A. Coleman and J. M. Mackenzie, Jr., in Light and Plant 
Development, Ed. 11. Smith, Butter worths, London, 1976.) 


mitochondria and plastids, as well as in the cytoplasm generally, but not in nuclei or 
vacuoles. ! lowever, on conversion to the P fr form by exposure to R light, phytochrome 
rapidly becomes localized in discrete areas which have not yet been identified. 

Other evidence indicates that the phytochrome is located in various cell membranes. 
Ihus, cell fractionation techniques including high-speed centrifugation, have yielded 
fractions consisting of c ell membranes and containing a high proportion of die total cell 
phytochroinc. 1 he association ot die phvtochrome with the membrane occurs only in 
tissues pre-treated with red light, suggesting that it is only the P fr form which is attached 
to the membranes. Other cell fractionation techniques have demonstrated that phyto- 
chrome is present in ctioplasts of etiolated wheat and barley leaves. 

A different approach to the problem of locating phytochrome within the cell has been 
used in studios on movements ot the chloroplasrs ot the filamentous green alga, Mougeotia. 
Each cell of this' alga contains a single, plate-like chloroplast which turns so that it is edge¬ 
wise to the direction ot the incident light at high intensities but at right angles to the light 
at low intensities. By using niicrobeains ot R and FR light, it has been shown that these 
chloroplast movements involve pliytochrome, and that the response can be obtained when 
only the outer layers ot the cytoplasm are irradiated. Moreover, using microbeams of 
polarized R and FR, it was shown that R is only effective when die plane ot the electric 
vector is parallel to the cell surface and that FR is only effective when the plane of the 
electric vector is at right angles to the coll surface (Fig. 8.8). This finding indicates that the 
phytochroinc molecules are arranged in a regular manner at or near the cell surface and 
that photoconversion involves a change in orientation of the molecules (Fig. 8.9). Wc shall 
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Fig. 8 .8. (a) Induction of chloroplast orientation in by red light (11) and reversion of 

red effect by far-red (FR), starting from the profile orientation (above), (b) Absorption of 
polarized light by phytochronie molecules which change dichroic orientation with conversion 
Pr—Pfr- Cross-section of a Mottgeolia cell with P r (surface parallel dashes) and P (r (surface 
normal dashes). Molecules which arc in favourable geometric position to absorb polarized light 
are heavy lined. As a consequence, the photnstationary state is shifted, according to the position, 
to the left or right side (heavy-lined arrow s). (Note that the electric vector is at right angles to the 
direction of the incident polarized light, as indicated by the sinusoidal curves above.) (From 
W. Haupt, in Phytochrome , Ed. K. Mitrakosand K. Shropshire, Academic Press, London, 1972.) 




Fic. 8.9. Suggested model showing the orientation of phytochronie molecules in the plasma 
membrane (top) for the P T form and (below) for the P fr form, (From W. Haupt, Phytochrome, 
Ed. K. Mitrakos and K. Shropshire, Academic Press, London, 1972.) 
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see later that other evidence suggests that pJiytochroine acts by affecting the permeability 
of cells, again suggesting that it acts at the cell membrane. 


lHlOTOCONVERSION OF PHYTOCHROME IN THE CELL 

We have seen that the P r and P fl forms of phytochrome can readily be intcrconvcrtcd 
by exposure to R and FR respectively. When the R/FR reversibility phenomena was first 
discovered it was believed that after conversion of l\. to P fr by exposure to red light, rever¬ 
sion of P fr to Pj could take place spontaneously in the dark, without exposure to FR. 
I iowever, such 'dark reversion has only been demonstrated in certain dicotyledons (e.g., 
in cauliflower tissue (Fig. 8.10)) and has not yet been shown to occur in monocotyledons. 



Fit;. S. 10. Hark reversion of P lr to P r in the complete absence of P (T destruction in cauliflower 
curd tissue after 5 minutes red-light. (From W. L. Butler, H. C.. Love and H. W. Siegelnun. 
Plant Physiol. 38 , 514,1903.) 


Nevertheless, the level ot P fr generally declines quite rapidly in most plant tissues and 
concomitantly the total phytochrome (P) in the tissues also declines. This decline in P fr can 
be arrested by exposure to FR, i.e. by conversion to P r . Thus, whereas P T is relatively' stable, 
Pfr is highly labile and is evidently destroyed quite rapidly in vivo. It is not understood 
how such destruction ot ‘Pfr occurs, blit evidently Prr is the biologically active form and 
it must be involved in the initiation of the chain of processes which are ultimately mani¬ 
fested in an observable biological response; it may be that the action of P fr entails its destruc¬ 
tion. 

In most experiments involving R/FR reversibility, the FR treatment follows immediately 
after exposure to R, but if exposure to FR is delayed tor increasing periods a point is 
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reached when FR no longer reverses the effect of R, indicating that the events initiated by 
conversion to P fr have already been set in progress. This period bevond which reversibility 
is lost is referred to as the escape tunc and varies from 13 minutes to 9 hours in diflerent 
tissues. 

If plant tissues are allowed to remain m the dark following a single exposure to R, tin- 
initial decline in total phytochromc is later followed by an increase, suggesting that synthe¬ 
sis oi new phytochromc in the I\ form takes place. This synthesis lias been demonstrated 
by density-labelling (see p. 90) by demonstrating the incorporation of deuterium into P r 
when plant tissues are incubated in 1X0. 

As a result of the various processes described above, it is dear that the phytochromc in 
active plant tissues undergoes continuous “turnover", involving synthesis, intcrconver- 
sion, destruction and reversion, which may he symbolized as follows: 


Synthesis 



Dark Reversion 


Biological action 


Destruction 


MODE OF ACTION OF PHYTOCHROME 

Many phytochromc-controlled responses appear to involve the action of genes which 
previously were not expressed. For example, the development til epidermal hairs and of 
anthocyanin in mustard hypocotvls is under phytochromc control and would appear to 
involve the expression of genes which arc not expressed in dark-grown seedlings. More¬ 
over, gene expression involved both enzyme synthesis and enzyme activity, and phyto- 
chrome control of both these processes has been demonstrated (p. 194). These observations 
might sccin to indicate that phytochromc acts by controlling either enzyme synthesis at 
the transcription or translation level, or by controlling the activation of pre-existing en¬ 
zymes. However, any attempt to formulate a general hypothesis to account for the very 
varied range of phytochromc-controlled responses must take into account various effects 
which appear to involve rapid changes in membrane permeability. 

For example, the leaves of certain plant species, such as Mimosa pudtea and Albizzia 
julibrissitt, show “sleep movements" involving upward or downward folding of the 
leaflets. These movements, which involve changes in the turgor pressure in cells of the 
pulvini at the point of attachment of the leaflet to the midrib, are evidently under some 
degree of phytochromc control, since they arc inhibited by exposure to FR at the end of 
the light period and this effect can be reversed by R. These effects of FR can be observed 
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within about 10 minutes. I he changes in turgor have been shown to be accompanied by 
the movement of potassium ions into and out of the cell, thereby affecting its osmotic 
properties. An even more rapid response is seen in root tips of barley and numg bean, 
which, under certain conditions, will adhere to a negatively charged glass surface following 
exposure to R light and this effect can be reversed by FR. This electrostatic effect indicates 
that the root surface becomes positively charged on exposure to R light and that this effect 
is reversed by FR. 

Fxposure to red light has also been shown to result in rapid changes in electrical potential 
in several organs. For example, exposure of etiolated coleoptiles to R light causes the tip 
to beo nne more electropositive with respect to the base within 15 seconds, and similar 
changes luve been observed in niung bean root tips. It seems clear that these various tvpcs 
of rapid effect following phytochrome conversion involve changes in the permeability 
properties of the cell membranes to electrolytes such as potassium ions. 

Since these rapid effects may occur almost instantaneously or within a few minutes, the 
time involved is too short to depend upon RNA or protein synthesis, for which a period of 
at least 15 minutes would appear to he required. 1 fence, it is generally held that the primary 
mode cd action of phytochrome must involve changes in cell membrane properties, a 
conclusion which is consistent with the evidence of* the intracellular localization of phyto¬ 
chrome (p. 190). 

I lowcvor, although the primary mode of action may involve changes in membrane 
permeability, there is good evidence that the secondary effects of phytochrome conversion 
involve enzyme-controlled processes. I bus, in Hre/iii seedlings irradiation with R light 
results in a rapid conversion of ADR to A I R, and in other tissues there are changes in the 
levels of NAI )R which can be prevented by 1R irradiation. Moreover, exposure to R light 
leads to increased activity of a wide range of enzymes. Thus, R light increases the level of 
phenylalanine ammonia lyase (RAL) (Fig. 8..11) which catalyses the removal of ammonia 
from phenylalanine to give cinnamic acid, in mustard seedlings. In this instance \V appears 
to lead to activation of pre-existing enzyme rather than to new cnzvinc synthesis, but in 
other tissues R appears to stimulate the synthesis of ascorbic acid oxidase. Irradiation of 
etiolated bean leaves with R light leads to marked increases in polyribosomes within 1 hour, 
suggesting that the treatment results in increased availability of messenger RNA. 

1 he nature of the processes connecting the primary changes in membrane permeability 
with the diverse metabolic events involving phytochrome remain obscure. However, 
there is now considerable evidence that exposure to R light results in rapid increases in 
extractable gibberellins and evtokinins, in etiolated and green leaves and m certain seeds. 

1 luis, exposure to 5 minutes of R light causes marked increases in gibberellins in etiolated 
barley and wheat leaves (Fig. 8.12), and in evtokinin levels in Riwtcx seeds and leaves of 
poplar (Populusrobusta). Thus, it is possible that these hormones act as 4 second messengers” 
and provide a link between the primary and secondary effects of phytochrome conversion. 
For example, etiolated barley and wheat leaves grown in complete darkness are tightly 
rolled, but they can be induced to unroll by exposure to a short period of red light, the 
effect of which can be nullified by tar red. However, sections of etiolated bailey leaves can 
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Pk;. 8.1 I. Generalized in i<iiv response pattern of phenylalanine ammonia lyase (PAL) activity 
to irradiation, showing the lag phase, phase of increase and phase ot*decline. (Prom H. Smith, 
PhytOihroim' and IHiOMnarphagausis, McGraw-Hill, London, 1975.) 
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Rf Rf Rf Rf 


Fie. 8.12. Effect of red light on endogenous gibberellin levels in etiolated wheat leaves. Each 
separate histogram represents the gibberellin activity present in extracts of leaves after separation 
into ten fractions by paper chromatography. Each fraction was tested by its promoting effect 
on the growth of lettuce hypocotyls. The sol id parts of the histograms represent gibberellin acti¬ 
vity significantly above control 

A — dark-grown leaves, £ = 5 minutes red light -f 20 minutes dark, 

B ~ 5 minutes red light, F — 5 minutes red light f- 30 minutes dark, 

C — 5 minutes red light ~r 5 minutes dark, G = 5 minutes red light 4 60 minutes dark. 

D = 5 minutes red light — 10 minutes dark, 

(From L. Beevers, L. B. Loveys, j. A. Pearson and P. F. Waremg, Ptanta ( Bert .), 90 ,286,1970). 
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be induced to unroll in darkness by application of exogenous GA 3 suggesting that the red- 
light effects may be mediated by the increases in endogenous gibbcrcllins. 


THE “HIGH IK RADIANCE REACTION” 

As we have seen, the characteristic features of etiolated shoots grown in complete dark¬ 
ness (viz. excessive internode elongation, poor leaf development, lack of chlorophyll, etc.) 
can be greatly reduced by exposing them to quite short periods (e.g. 5 minutes) of R light 
each day, and the effect of R can be reversed by FR, clearly indicating involvement of 
phytochrome. However, the appearance of shoots exposed to only short periods of low- 
intensity R light in this way is still far from “normal” and in order to obtain the tvpical 
appearance of shoots grown in natural daylight it is necessary to expose the shoots to 
several hours of daylight at high intensity each day. Now, work on white mustard seedlings 
showed that whereas short periods of FR at low intensity reversed the effect of R, longer 
periods of FR produced the .vume effects as R, i.e. they reduce the characteristic symptoms 
of etiolation by causing expansion of the cotyledons, reduction of hypocotvl extension 
and the development of aiuhoeyanin. Moreover, whereas the effects of short periods of FR 
reached “saturation” at quite low intensities, the effects of longer priods of FR continued 
to increase as the intensity was increased to high levels. Hence these effects were said to 
involve a "f ligh Irradiance Reaction” (I HR). 

Action spectra for the I HR show major peaks in the FR at 710-73H nm, and in the blue 
region (Fig. 8.13). Ar first ir was thought that the I HR must involve a separate photorecep¬ 
tor, other than phytochronie. I hnvcver, later studies have indicated that i HR effects in the 



Fie. 8.13. Generalized .union spirtimn lot the high-ii radiance reaction (solid line), together 
with that ot the low -irradiance phvnu hroine reaction (broken line). (From H. Mohr, Biot. Rcr. 
39, 87, t‘>74.) 
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FR region are almost certainly mediated via phytochrome. The evidence for this conclu¬ 
sion is based on the observation that when plant tissues are exposed to FR, 3 per cent of the 
total phytochromc remains in the P fr form. This is because the absorption spectra of P r and 
P fr overlap (Fig. 8.3), so that when tissue is exposed to FR, a "photostarioiurv state” is 
reached, representing an equilibrium between phoioconversiou of P fr to 1\ and the reverse 
reaction. It was shown that the effects of the HIR could be simulated by irradiating tissues 
with mixtures of R and FR at various intensities and in varying proportions, such that 3 per 
cent of the total phytochrome was present in the Pf r form. 1 hus, it appears that phyto- 
chrome is the photoreceptor for the high irradiance FR effects. However, there is evidence 
that the effects in the blue region of the action spectrum for the HIR involve a different 
photoreceptor. Thus, the action spectrum in the blue region of the HIR is identical with 
that for phototropism in both higher plants and in fungi, which do not contain phyto¬ 
chrome. Again, gherkin seedlings transferred from dark to blue light show a reduced rate 
of hypocotyl extension after a lag of 30 seconds, whereas with far red the lag is 40 minutes. 
The photoreceptor involved in the blue region of the HIR is probably a flavin, responsible 
for many photoresponses in both lower and higher plants. 

Under natural conditions plants are not, of course, subjected to monochromatic R and 
FR but normal daylight will induce a “photostat ion ary stare” in which a significant pro¬ 
portion of the total phytochromc will be in the P fr form. From the evidence presented 
above it would appear that the HIR of phytochromc is involved m normal develop¬ 
ment of green shoots, under natural conditions. 

Another aspect of the role of phytochromc under natural conditions arises where plants 
occur at high density, both in natural vegetation ami in crops, so that they naturally shade 
each other. Natural daylight contains approximately equal intensities of R and FR, but 
because chlorophyll absorbs strongly in the red region, the light within a leaf canopy will 
contain a much higher proportion of FR (Fig. 8.14). It has been shown that radiation 



Fit;. K.14. Specrr.il distribution of light in the open at noon on a sunny day in July < A), rotn- 
pared with that of light within a woodland i 13). (From It. F. Kcndrcwand 13. Frankland, Phyto- 
cfiroim and Plant Crowtli, t'dward Arnold, London, YflU.) 
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containing a high proportion of FR tends to lead to increased intemode elongation and this 
may well explain the abnormal stem elongation frequently observed in dense stands of 
planes, and which must confer an advantage on plants with this capacity, in the intense 
competition for light. The role of phytochrome in the dormancy of light-sensitive seeds 
and in their responses under natural conditions arc discussed in Chapter 11. 
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CHAPTER 9 

The Physiology of Flowering — 

I. Photoperiodism 

INTRODUCTION 

In the “typical” life history of a herbaceous flowering plant, there is usually an initial 
phase of vegetative growth, which sooner or later is followed by the reproductive phase. 
However, there is a good deal of variation with respect to the distinctness of these two 
phases; in some plants there is a fairly sharp transition from vegetative growth to reproduc¬ 
tion, as in wheat or sunflower, while in others vegetative growth and flowering occur 
concurrently, as in runner beans (Pliaseolus ntultiflorus) or tomato (Lyeopersicum esculcntutn). 
In the first type of plant, growth is usually determinate, the axis being terminated by an 
inflorescence, whereas in the second group the flowers arc axillary and borne on lateral 
shoots, while the main axis continues vegetative growth. In plants of both groups, however, 
there is nearly always a certain minimum period of purely vegetative growth—only very 
exceptionally can flowers be formed immediately following germination, c.g. in Clmw- 
podium rubrum, under shortday conditions. The duration of this vegetative phase is very 
variable. Usually there is a certain period of growth during which a succession of new 
leaves is formed at the shoot apex. In some perennial species, however, the number of leaves 
is already predetermined in the stage of dormancy and the vegetative phase involves only 
the expansion of leaf primordia already laid down in the previous year, as in many bulbous 
plants and woody species. 

Factors Determining the Onset oj Flowering 

What causes the transition from the vegetative to the reproductive phase? Is it due to 
some internal control mechanism, determined by the gcnctical make-up of the species, or 
is it dependent upon a change in external conditions? Now, plants differ very greatly in their 
sensitivity to external conditions, the development of some species being relatively insensi¬ 
tive, so that provided that the environmental conditions are not so unfavourable that 
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growth is completely prevented, they will ultimately flower under a wide range of con¬ 
ditions. In other species, however, the initiation of flowering is very sensitive to external 
conditions and will not occur under certain conditions, e.g. of temperature or daylength, 
even though these may be quite favourable for growth; that is to say, the requirements for 
flowering arc not necessarily the same as for vegetative growth. 

Since our knowledge of the physiology of flowering is much more complete for species 
which are sensitive to environmental conditions, we shall first deal with this group, and 
then describe briefly what is known regarding the control of flowering in the “insensitive” 
group. 


(Quantitative Measurement oj Flowering Responses 

The difference between the vegetative and the flowering condition is a qualitative one. 
It is important, however, that in studying the physiology of flowering, we should have an 
exact measure of the flowering responses to various treatments. Various indices of flowering 
have been used, such as(l) the percentage of flowering plants in the total group receiving a 
particular treatment; (2) the total number of flowers or total number of flowering nodes; 
[}) the time to the first appearance of flowers (the shorter the time the greater the flowering 
response); (4) the number of leaves formed before flow'er initiation; (5) the use of a scale 
of “scores” depending upon the stage of development reached by the flowers. This latter 
method is used where the flowers formed are still microscopic and incompletely developed. 
An arbitrary scale of “scores” is assigned to various stages of development (Fig. 9.1) and the 
total “score” of a given batch of plants is determined. 


FHOTOPER] ODIi>M 


The fact that seasonal changes in daylength conditions profoundly affect the life cycle of 
many plants was first clearly demonstrated by Garner and Allard, two American plant 
breeders, in 1920. Gamer and Allard were originally concerned with the peculiar seasonal 
flowering behaviour of certain varieties of tobacco (tViVo/idiw tabacum) and soybeans 
[Glycine max). A newly developed variety of tobacco, Maryland Mammoth, was found to 
grow vigorously throughout the summer, but did not flower. When grown in a green¬ 
house during the winter, this same variety flowered and fruited abundantly. With certain 
varieties of soybeans, plantings at successive intervals during the spring and summer all 
tended to flower at the same date in the late summer, the vegetative period being pro¬ 
gressively shortened the later the date of sowing. Gamer and Allard attempted to regulate 
the flowering of the tobacco and soybeans by varying the temperature, nutrition and soil 
moisture, but none of these factors was found to affect the date of flowering very markedly. 
They then investigated the effect of shortening the daily light period by a few hours by 
placing the plants in a dark chamber, and found that under the shortened daylight period 
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Fic. 9.1. Stages of development ol the staminate inflorescence prirnordium of Xanth\um. 
(From F. B. Salisbury, Plant Physiol. 30 , 327, 1955.) 


the plants quickly initiated flowers. After this exciting discovery, they proceeded to test the 
effect of various daylength conditions on a wide variety of plant species. Variation of day- 
length was achieved in two ways: (1) during the summer months by shortening the natural 
daylength, and (2) in winter by extending the natural daylength by artificial illumination. 

It was found that for many plant species the daylength (i.c. the lengths of daily light and 
dark periods) is a very important factor in growth and development, particularly in the 
control of flowering, and the phenomenon is known as photoperiodism. On the other hand, 
in other species, flowering was not materially affected by length of day. The group in which 
daylength has a marked effect may be separated into two subdivisions, viz. (1) those in 
which flowering is readily induced by exposure to short days, and known as “s/iert-da/’ 
plants (SDP), and (2) a second group in which flowering is favoured by long days, and 
which are known as “/(W£-d<jy” plants (LDP). Species in which daylength docs not marked¬ 
ly affect flowering are known as indeterminate or “ day-neutral ” plants. 

Some species remain permanently vegetative if kept under unfavourable daylength 
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conditions and hence may be called obligate photoperiodic plants. They include both 
SOP* such as Xanthium pennsylvanicum, and LDP such as Hyoscyamus niger. Other species 
may show hastened flowering under SD or LD, but they will ultimately flower even under 
unfavourable daylength conditions, and hence show a quantitative photoperiodic response. 
Such species include the SDP Salvia splendent, rice (Oyrza sativa) and cotton (Gossypium 
hirsutitm) and the LDP wheat (Triticim) and flax (Linum usitatissimum). Obligate photo¬ 
periodic plants show a well-marked critical day length, below or above which flowering will 
not occur in LDP and SDP, respectively, whereas facultative photoperiodic species show 
only a graded response to day length, with no sharp cut-off point. Examples of SDP and 
LI )P are shown in Fig. 9.2, and arc listed in Table 9.1. 


TABLE tU. Some examples of short-day and long-day plants 


Short-day plants 

A. Species with an Absolute or Qualitative Short-day Requirement 


Amaranthus caudatus (Love-lies-bleeding) 
ChenopoJium album (Pigweed) 

(Jirysantheum tnorifolium 
(ioffea arabica (Coffee) 
tiuphorbia pulcherrima (Poinscttia) 
(Strawberry) 

(.i/yrrnr «i<u (Soybean) 

U. Spaies with (Quantitative Short-day Requinmei 
Cannabis sativa (I leinp) 

Gosmo.v bipinnalus (Cosmos) 
hirsutum (Cotton) 

Long-day plants 

A. Species with an Absolute or Qtm/jtafrt't’ Long-day 

Alopeeurus pratensis (Foxtail grass) 

Anagallis arvensis (Pimpernel) 

.duel In mi graveolens (Dill) 

Avetia sativa (Oar) 

Dumthus superbtts (Carnation) 

Fcstuca elatior (Fescue grass) 

Hyoscyamus niger (Henbane) 

Loliutn tcmulentum (Ryc-grass) 


Ipoinoea hederacca (Morning glory) 

Kalancho? blossfeldiana 
Lemna perpusilla (Duckweed) 
jVifoiitWd tabacum (Tobacco, var. Maryland 
Mammoth) 

Perilla orymoii/cs 

Xanthium strumarium (Cocklcburr) 


Oryza sativa (Rice) 

Saccharum ojficinarum (Sugar cane) 
Salvia splendens 


Requirement 

A Miletus alba (Sweet clover) 
Mentha piperita (Peppermint) 
Phleum pratensis (Timothy grass) 
Rrjp/itiims sufiVus (Radish) 
Rudbcckia bicolor (Coneflowcr) 
Sedum spectabile (Sedum) 
Spinddii oleracea (Spinach) 
Trifolium spp. (Clover) 


13. Species with a Quantitative Long-day Requirement 


Antirrhinum tnajus (Snapdragon) 
Beta vulgaris (Garden beet) 

Brassica rapa (Turnip) 

Hordt um vulgitre (Spring barley) 
Lactuca sativa (Lettuce) 

Oenothera spp. (Evening primrose) 


Petunia hybrida (Petunia) 

Ptsutn sativum (Garden pea) 

Poa pratensis (Kentucky blue-grass) 
Secale cereale (Spring rye) 

7 riticum aestivum (Spring wheat) 
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He. 9.2. Plants of Kalamhoe blossfeldiana (left) and of RuJlvckia bitokr (right), flowering in 
response to short days and long dap, respectively. 


The short-day group includes many plants which are indigenous to regions oflow lati¬ 
tude, north or south of the equator, such as rice, sugar cane, hemp, millet and maize, where 
the daylength never exceeds more than 14 hours at any season of the year. SDP of temperate 
regions, where the days are long in the summer, usually initiate flowers only in the late 
summer as the days shorten, c.g. the cultivated “Michaelmas daisies” (Aster spp.) and 
Chrysanthemums. The typical LDP are native to the temperate regions, and flower under 
the naturally long days of summer. They include many of the grasses and cereals, and other 
common cultivated plants such as spinach (Spinach okracca ), lettuce (Lactuca sativa), beet 
(Beta vulgaris), flax (Limtm usitatissimum) and clover (Trijoliwn spp.), as well as many wild 
species. In addition to the two main groups of SDP and LDP, there is a smaller number of 
species with dual daylength requirements. Thus, certain species require to be exposed first 
to LD and then to SD for flower initiation to occur and hence arc called “long-short-day 
plants (LSDP); examples of this type of response are provided by Bryophyllutn crcnatum 
and Oestrum noctumum. Other species, such as Scabiosa succisa. Campanula medium and 
Trifolium re pens, require to be exposed first to SD and then to LD, and hence arc called 
“short-long-day” plants (5LDP). 

Where a species has a wide distribution, so that there is a considerable difference in 
latitude between its northern and southern limits, it is found that it is differentiated into a 
number of races or ecotypes, differing in their daylength responses, e.g. golden rod (Solidago 
sempervirens), which has a wide distribution along the western coast of North America, 
and perennial ryegrass (Loliutn temulentum), which has a wide distribution in Europe and 
North Africa. These different forms within a given species usually show a closely graded 
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series, from typical SDP at one end to LD-tolcrant types at the other , or from rypicaJ LDP 
to SD-tolcrant types. 


Other Responses Affected by Daylength 

In addition to the onset of flowering, daylength may affect certain other purely vege¬ 
tative processes in the plant. Thus, it is frequently found that the length of the intemodc may 
he much reduced under SI) as compared with LI). This effect is seen at its extreme form in 
certain long-day species, which assume a “rosette’ 1 habit under SI), c.g. henbane (Hyosty- 
atmts n lifer). Runner formation in strawberry (Fm^rrirt) plants occurs only under LD. The 
strawberry has a rosette habit which is not affected by daylength, but the axillaries have 
extended internodes (thus forming runners) under LI). 

Tuber formation is also markedly affected by daylength, and is favoured by SI), as in the 
Jerusalem artichoke (Helianthus tuberosus) and in many wild species of potato (e.g. Se/ditnm 
andigena). (I he cultivated European varieties of potato are not very sensitive to daylength, 
and they can form tubers even under LD.) The onion ( Alliutn cep a), on the other hand, 
requires LI) for bulb-formation. 

1 Xivlength has a marked effect oil the growth and leaf-fail of many wooded plants, as 
will be described below. 


Sensitivity to Daylength Conditions 

Many plants are extremely sensitive to changes m daylength as short as 15-20 minutes, 
so that the flowering time of some, such as certain varieties of rice (Oryza sativa), may be 
profoundly affected by even the relatively small seasonal changes in daylength found in the 
tropics. Similar sensitivity is shown by cockleburr (A’anf/niun stritmarium) which onlv 
flowers under day lengths of 15| hours or loss. Evidently the mechanism whcrcbv such 
plants detect changes in daylengths is very sensitive. 

Variation in sensitivity to daylength is shown in the number of photoperiodic cycles 
required to induce flowering. Thus, plants of Xanthiitm require exposure to only one SD 
cycle for flowering, and once induced to flower in this way they will continue to produce 
flowers tor a further 12 months. 1 he LD grass Lolium italicum will also flower in response to 
one LD cycle. However, these are extreme cases, and the majority of photoperiodic plants 
require more than one cycle. Moreover, even in Xanthiuni, the rate of floral development is 
more rapid after exposure to 2 or 3 SDs. In soybeans,thc number of nodes at which flowers 
are found increases linearly with the number of SD cycles, up to at least 7. In many species, 
the daylength requirements vary considerably with the age of the plant, and frequently 
the minimum number of inductive cycles is found to decrease with age. Moreover, some 
SDP, such as soybeans, which will flower only under SDs when thev arc young, ultimately 
become capable of flowering even under LD. 
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A considerable amount of work has been carried out to learn more about the light and 
dark responses of SDP species, and our knowledge of tins type of plant is considerably 
greater than for LDP. 

It is important to ascertain, first, which part of the plant is concerned with the “detection” 
ot daylength conditions. Clearly, in the transition from the vegetative to the dowering 
condition, the response is at the shoot apices, but it does not follow that “perception” of 
daylcngth conditions occurs in these parts of the plant. Indeed, it was shown by the Russian 
worker, Chailachjan, that the responses of SDP, such as Chrysanthemum, are determined 
by the daylcngth condition to which the leaves arc exposed and that the shoot-apices appear 
to be relatively insensitive to daylcngth conditions. 1 le was able to show this by exposing 
the leaves and shoot-apical regions independently to LD or SI) conditions (Fig. 9,3); he 
found that it was only when the mature leaves were maintained under SI) that dowering 
occurred. Thus, detection of the daylcngth conditions is effected by the leaves, although 
the response occurs at the shoot-apex. Chailachjan was quick to see that these observations 
imply that some “signal” must be transmitted from the leaves, which causes a response in 
the apices. We shall discuss the possible nature of this “signal” in a later section (p. 236). 

In most plants the peak of photoperiodic sensitivity in the leaf appears to be reached when 
it has just attained its maximum size. At this stage quite small amounts of leaf tissue are 
sudicicnt to bring about flowering. Thus, in Xanthiuw 2 cm 2 are suflicient to bring about 
flowering under SD. 

Although leaf tissue is the most sensitive to daylcngth conditions, the stem tissues of 



A B C D 


Fic. 9.3. Flowering occurs in Chrysanthemum when the leaves are exposed to short days <ii and 
D), irrespective of whether the shoot apex is exposed to long days 113) or short days (D). 
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some species also show some sensitivity, a good example being seen in Plumbago indica, a 
SDP. Indeed, isolated mternode sections of this species may be induced to flower under SD 
conditions in aseptic culture (Fig. 9.4), whereas under LD they remain vegetative. 

The next problem which arises is whether the responses of SDP are determined by (1) the 
length of the daily light period, (2) the length of the dark period, or (3) the relative lengths 
of the light and dark periods. Now it can easily be shown that the responses of SDP are not 
controlled primarily by the total duration of light which they receive each day. This is 
shown by the fact that soybeans will flower if exposed to three cycles consisting of 12 hours 
light/12 hours dark, but will not do so if exposed to 36 hours of light, followed by 36 hours 
of dark, or if exposed to cycles consisting of 6 hours of light alternating with 6 hours of 



Fig. 9.4, Induction of flowering in vitro. Flower ofP/uffiAqtp indica L. “Angkor” produced on 
a segment of stem iiiternodc (7 nun in length) excised from a vegetative plant and planted 
ascptically on nutrient agar. Flower formation occurs only if the culture is placed under short 
days (10 hours ot light). Under long days (16 hours of light), vegetative buds arc produced. 
(Experiment byJ. P. and C. Nitsch. Photo. Mile B. Norreel, kindly supplied by Dr. J. P. Nitsch.) 
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lark (Fig. 9.10), although the total hours of light and dark are the same in all three regimes. 

If we conduct experiments based upon the natural 24-hour cycles, it is impossible to vary 
he lengths of the light and dark periods independently; this can be done, however, if we 
isc artificial sources of illumination, such as fluorescent lamps, since we can then choose 
iny combination of light and dark periods we wish. K, C. Hamner was the first to take 
idvantage of this fact in a series of experiments with Xantkium and soybean, which have 
low become “classical”. Using soybean Hamner first investigated the effect of varying the 
ength of the dark period, keepmg a constant duranon of light period of either (a) 4 hours, 
ir (b) 16 hours. The results (Fig. 9.5) showed quite clearly that soybeans will not flower 
intil the length of the daily dark periods exceeds about 10 hours, with cither 4-hour or 
16-hour photoperiods. Thus, the critical dark period for soybeans is about 10 hours, but the 
naximum flowering response is reached with dark periods of 16-20 hours. In similar 
experiments with Xanthium , Hamner showed that this species has a critical dark period of 
hours to flower. 



Fig. 9.5. Effect of various lengths of dark period, in association with constant 16-hour (-Q-) 
or 4-hour (-#-) photoperiods, on flowering in soybean (Glycine max). (From K. C. Hamner, 
Bot . Gaz. ioi, 658, 1940.) 


Since SOP require a certain minimum period oi darkness for flowering it may be asked 
vhether they flower most readily in continuous darkness and whether they require any 
ight. It is found, however, that although certain species, especially those with a storage 
>rgan such as a tuberous rootstock, will flower in continuous darkness, other species, such 
is soybeans, will not do so, but require a regular alternation of light and dark. 

Having investigated the dark requirements of soybeans, Hamner then proceeded to 
tudy their light requirements. Using a constant dark period of 16 hours, he varied the 
ength of the light period and found that the flow ering response increased as the length of 
he daily light period was increased to about 12 hours (Fig. 9.6), but with longer light 
periods fewer flowers were formed and there was no flowering when the light period 
’eached 20 hours, even though these light periods were associated with long (16-hour) dark 
periods. Thus, the conditions for flowering in soybean arc (1) that the daily dark period 
nust exceed 10 hours and (2) that the length of the light must not exceed a certain duration. 



208 


The Control of Growth and Differentiation in Plants 



lie, 9.6. Fflat of varying length of pliotoperiod, with constant daily dark period of 16 hours, 
on flowering of soybeans. (From K. C. Hamner, Hot. Gaz. lor, 658,1940.) 

Ot course, under natural conditions, dark periods of 10 hours or more can only be accom¬ 
panied by light periods of 14 hours or less, and in nature the flowering response is likely to 
be controlled by the length of the dark period, rather than the duration of the light period. 
For this reason, it would be more appropriate to refer to short-day plants as “long-night” 
plants. In some S1)P, e.g. Xanthium, long photoperiods arc not inhibitory to flowering, 
which is determined solely by the length of the dark period. 

I laving thus established that flowering in short-day plants is favoured by an alternation 
of light and dark, the question arises as to whether the light must precede the dark or vice 
versa. By means of ingenious experiments with Xanthium , which, as wc have seen, requires 
only one SO for flowering, Hamner was able to show that a long dark period must be 
preceded by an adequate period of high-intensity light, and that a period of high-intensity 
illumination following the dark period also promotes flowering. 


7 he Nature of the High-intensity Light Reaction 

The light requirements of SDP during the photoperiod have been investigated quanti¬ 
tatively by Hamner and others. In general, it appears that the light requirements are rela¬ 
tively high. Thus the flowering response in soybeans increases as the period of exposure to 
daylight is increased from 1 to 8 hours. Moreover, with photoperiods of constant duration 
(5 to 10 hours), the number of flowers increases steadily with increasing light intensity. 

These relatively high light requirements suggest that the process involved during the 
main photoperiod is photosynthesis. This conclusion is confirmed by the following facts: 
(1) carbon dioxide is necessary during the photoperiod, if flowering is to occur; (2) if sugar 
is sprayed on the leaves, then certain shortday plants can flower in complete darkness. Thus, 
there seems little doubt that the requirement for light in SDP is for adequate photosynthesis. 
This requirement might be expected, since an adequate supply of energy in the form of 
carbohydrates will clearly be necessary to permit the other metabolic processes, more 
specifically related to flowering, to occur in the leaves. 
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The “Dark" Reactions oj Short-day plants 

As we have seen, SDP require to be exposed to daily cycles which include a certain 
minimum period of darkness, the so-called “critical” dark period. This critical dark period 
appears to be relatively constant and independent of the length of the photoperiods over 
quite a wide range of the latter. At first sight it might be thought that the dark period plays 
a passive role, in the sense that the effects of darkness are simply due to die absence of light 
effects. Thus, it might be postulated that light has an inhibitory effect upon flowering, and 
that the flower-promoting effects of darkness are primarily due to the absence of such 
inhibitory effects. However, there are several pieces of evidence which suggest that certain 
positive ffower-promoting processes occur during the dark period. Thus, it is known that 
the effectiveness of the dark period increases with temperature within certain limits, 
suggesting the occurrence of flower-promoting processes with positive temperature co¬ 
efficients during the dark period. 

A very remarkable feature of the dark period is that it must be uninterrupted \i is to be 
effective in promoting flowering—interruption by only a few minutes of light during the 
dark period may completely nullify its effect, so that flowering is inhibited. Thus, with 
Xanthium, 1 minute of light at an intensity of 150 foot-candles (fc) ( 15(X) lux) during a 
9-hour dark period suppresses flowering. This effect has been investigated in some detail in 
Xanthium, in which it was found that a “night-break” was most effective (maximum inhi¬ 
bition of flowering) when given 8 hours after the beginning of the dark period, regardless 
of the length of the latter, at least over the range 10—20 hours (Fig. 9.7). Thus we have the 
apparently paradoxical situation that light during the main photoperiod preceding a long 
dark period promotes flowering, whereas light given during the dark period inhibits 
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Fig. 9.7. Effect ofnight interruption, given at various times during dark period, on flowering in 
Xanthium. (From F. Salisbury and J. Bonner, Plant Physiol. 31 » HI, 1956.) 
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flowering. Wc have seen that the requirement for light in the main photoperiod is probably 
for photosynthesis, to allow the formation of photosynthates necessary for metabolism of 
the leaf. However, it is now clear that the effects of a short interruption (“night-break”) 
during a long dark period are not primarily due to photosynthesis but involve phyto- 
chroine. Detailed action spectra were determined for the night-break effect in soybeans 
and in X ant Ilium by placing seedlings with single leaves in different parts of the spectrum 
produced by a large spectrograph, and these action spectra proved to be almost identical to 
those which were later demonstrated for other phytochrome-controlled responses, such 
as seed germination and “de-etiolation” of shoots (p. 187). Moreover, R/FR reversibility 
was demonstrated for the night-break effect (Table 9.2), thus showing conclusively that 
this is a phytochronic-controlled response. 


TABLE: 9.2. ElTctt of duly interruptions of the dark period with several consecutive 
irradiations with red and far-red in sequence on flower initiation of XiiHf/nimi and 
Soybean 


Treatment 

Mean stage of floral 
development in 
Xanthium\ 

Mean no. of flowering 
nodes in Bi/o.vi 
soybean 

Dark control 

60 

40 

R 

00 

00 

R, FR 

5-6 

1*6 

R. FU, R 

00 

0-0 

R, FR, R, FR 

4-2 

10 

R, FR, R, FR, R 

00 

— 

R, FR, R, HR, R, FR 

2-4 

0*6 


f See p. 200 for method of scoring. 


Although flowering in the majority of species studied is inhibited by a relatively short 
night-break of a few minutes, other species require a longer night-break, e.g. the garden 
chrysanthemum requires a night-break of 4 hours. 

The “escape-time” also varies considerably among different species; for example, hi 
X ant Ilium the effect of R can be reversed if the application of FR is delayed for up to 40 
minutes whereas in Chenopodium album , Pharbitis nil and Kalauchoe blossfeldiana FR must be 
given almost simultaneously after R to be effective. 

The effects of R and FR given as night-breaks clearly indicate that the flower-promoting 
effects of a long inductive dark period arc profoundly affected by the levels of P tT in the 
leaf. At the end of the main pliotoperiod a high proportion of the phytochrome will be 
present in the i’fr form but, as wc have seen, the levels of P fr decline fairly rapidly during 
darkness, due to degradation or reversion. However, if a short exposure to R light is given 
after several hours of darkness high levels of P fr will be restored, with inhibitory effects on 
the flower-promoting processes (Fig. 9.8), which apparently require low P fr levels. 
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Fig. 9.8. Hypothetical changes in the P <t form of phytochrome in leaves during a dark period 
which has been interrupted by a short exposure (“night-break”) to red light. 

Although, with short night-breaks FR reverses the inhibitory effect of R, with longer 
periods (e.g. 60 minutes) FR acts in the same manner as R, and is inhibitory to dowering, 
especially after short photoperiods. This effect seems to indicate that although the low 
values of Pfr caused by FR are not effective over short periods, they can be effective if 
maintained over longer periods. 


Flower Promoting Effects of P fr in Short-day Plants 

There is evidence that although high levels of P fr are inhibitory to flowering when 
they occur during a long inductive dark period, as a result of a night-break, at other times 
of the daily cycle flowering may be promoted by high Pf rl evcls. Thus, flowering in seed¬ 
lings of Pharbitis nil is reduced by FR (which will reduce the level of P fr ) given at the end of 
the main photoperiod. It would appear, therefore, that at that stage in the daily cycle 
flowering is favoured by high Pfr levels, whereas after several hours of darkness it is in¬ 
hibited, as indicated by the effects of a R night-break. Thus, flowering in SDP is apparently 
promoted by high P fr at the end of the main photoperiod, and inhibited by high P fr later 
during the dark period, indicating that phytochromc has a dual action in the photopcnodic 
control of flowering. 


RESPONSES OF LDP 

As in SDP, the effect of a long dark period on LDP is nullified by a short night-break, 
and hence promotes flowering in plants of this type. 

Studies on the action spectrum for the night-break effect in barley {Hordeum) and 
Hyoscyamus indicated, once again that it is the red region (660 nm) which is effective and 
that the effects of R are reversed by FR in some, but not all, LD species. However, LDP are 
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less sensitive to night-breaks than SUP, and although a night-break of 1-2 hours is effective 
in some LDP, the effect is quantitative and the maximum effect may require still longer 
periods. 

When supplementary illumination is used to extend a short photoperiod given as day¬ 
light, it is found that a mixture of R and FR is more effective in promoting flowering in 
LDP than R alone (Fig. 9.9). The R and FR need not be given simultaneously. Thus, in 
Lolium temulentum, when R alone was used to extend 8 hours of daylight it was ineffective 
in inducing flowering, but if this R was interrupted by a few hours of FR, flowering was 
induced. It was found that there was an optimum time for exposure to FR, and it appears 
that following the end of an 8-hour photoperiod of sunlight, high P fr levels (caused by R) 



Weeks 

Fk;. 9.9. Lifet t of red, far-red ami mixed red phis far-red light on dowering in L'lium temulett- 
tutn. Plants received K hours of daylight plus a further K hours of supplementary light of restricted 
wavelengths. (From 1). Vince-Pruc, PhotopaioJisin in Phntts. McGraw Hill. London, 1975.) 

reduce the flowering response, whereas later in the dark period high P fr tends to favour 
flowering and at this time R promotes. FR appears to promote flowering from about the 
sixth hour from the beginning of the daily photoperiod, but after about the eighteenth 
hour FR has little effect and flowering is now promoted by R. However, a diurnal change 
in P, r level is not essential tor LDP as it is in SUP. Thus, it appears that, as in SUP, high 
Pfr promotes flowering at certain times and inhibits at others, but the sequence of promo¬ 
tion and inhibition is opposite in LUP and SUP, Thus, we see that there are close analogies 
bet ween the behaviour ot SUP and LUP, blit in certain respects their phytochronic- 
controlled responses arc opposite, so that long dark periods promote flowering in SUP but 
inhibit it in LUP (Fig. 9.10). In both types of plant, moreover, the effect of the dark period 
is nullified by a night-break which results in high P fr levels. During the earlier part of the 
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daily cycle, flowering in SDP is promoted by high P fr levels, so that they require a sequence 
of high P fr during the main photoperiod and low P {r during an ensuing long dark penod 
(Fig. 9.11). By contrast, LDP do not require such a diurnal fluctuation in P fr , since they 
flower even in continuous light (under incandescent lamps which produce low P fr values), 
but under suitable experimental conditions a diurnal fluctuation in sensitivity to P fr levels 
can be demonstrated. 
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Fig. 9.10. Summary of responses of short-day plants and long-day plants to various phntn- 
pcriodic regimes. 


THE FLOWERING STIMULUS 

We have seen that the response of the plant to day length depends upon the conditions to 
which the leaves are exposed, although the response occurs at the shoot meristem. This 
observation immediately suggests that under favourable daylength conditions some flower- 
promoting “stimulus” is formed in the leaves and conveyed from there to the meristems. 
This hypothesis was put forward by Chailachjan very shortly after his discovery that the 
perceptive organs in photoperiodism arc the leaves, and he postulated that a flower 
hormone (which he called “florigen”) is synthesized in the leaves under favourable day- 
length conditions and transmitted to the growing points. As we shall now see, there is a 
great deal of evidence to support this hypotlicsis, but some 41) years after Chailachjan 
first postulated the existence of “florigen”, it still remains to be isolated and characterized 
chemically. A considerable number of highly interesting experiments on the transmission 
of the flower hormone have been carried out and these will now be described. 
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hit;. V.ll. Schematic representation of the “high P lr " and “low P (r " reactions in the flowering oi 
long-day plants and short-day plants. In the SDP the P ( (.-requiring process occurs early in the 
photoperiod and is followed by a period when P fr inhibits flowering. In LDP similar reactions 
are seen, but their timing is markedly different. (From 1). Vince-Pruc, Photopcriodism itt Plants, 
McCIraw Mill, London, FJ75.) 


Hamncr confirmed Chailachjan’s experiments, using Xanthium. He showed that flower¬ 
ing of Xanthium plants under SD does not occur if all the leaves are removed, but only one- 
eighth of one leaf is sufficient to result in flowering (Fig. 9.12). In experiments with 
"two-shoot” plants of Xanthium, it was found that the stimulus arising from a single leaf 
is sufficient to cause flowering not only in the shoot on which it is borne, but also on the 
second shoot from which all leaves have been removed. 

A large number of experiments have shown that the flowering-stimulus can be trans¬ 
mitted across a graft union. Thus, Hanmer grafted together the stems of pair of plants of 
Xanthium ; when one ot the plants of a pair was exposed to SD, not only did this plant 
flower, but also its grafted partner which had not been exposed to SD (Fig. 9.12). In 
further experiments plants of Xanthium were exposed to SD, their tops were then decapi¬ 
tated and scions from other XtMf/imm plants which had been maintained under LD were 
grafted on to them. In due course, it was found that the “LD” scions flowered, although 
they had not themselves ever been exposed to SD. 
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Fig. 9.12. Above; Twobranchcd plants of Xanthium, one branch of which was exposed to short 
days, the rest of the plant being exposed to long days. Both branches have flosvered, provided 
that the “short-day” shoot has at least one-eighth of a leaf, but not if it is completely defoliated 
(right). 

Below: A. Two Xanthium plants were approach grafted, and the top of one plant was exposed 
to short days while the other plant was maintained under long days. Both plants have flowered. 
B. Both plants exposed to long days; neither have flowered. (From K. C. Hanincr, Cold Spring 
Harbor Symp. 10 , 49,1942.) 


In still more striking experiments carried out with various species, includuig Xanthium 
and Perilla, single leaves were removed from “donor” plants which had been exposed to 
SD and grafted on to plants maintained under LD. In due course the LD “receptor” plants 
flowered, showing that the stimulus may be transmitted from a single leaf. 

Grafting experiments with LDP have been very much fewer than with SDP, but the 
results have proved essentially the same. 
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Experiments of the type just described leave little doubt that some “stimulus”, presum¬ 
ably a substance of a hormonal nature, is formed in the leaves under favourable day length 
conditions and is transmitted through the stem to the apical mcristems. 

Although the flower hormone has not yet been isolated from SDP, we know quite a lot 
about the time required for its synthesis in the leaf and about its transport in the plant. If 
Xanthitnn plants, each with a single leaf, are exposed to one SD cycle, and the leaves arc 
removed at various times after the end of the long dark period, it is found that flowering 
does not occur unless they are allowed to remain on the plant for at least 2-4 hours follow¬ 
ing the end of the dark period, but greater flowering responses arc obtained it the leaves are 
left for 1-2 days before removal, indicating that movement out of the leaf is a slow process. 
There seems no doubt that transport of the hormone occurs through living tissues, presum¬ 
ably by the phloem, since transport is stopped by steaming a zone of stem between the leaf 
and the apical region, but it may be transported through other living tissues. 

Attempts have been made to estimate the rate of transport of the hormone. One method 
was to use two-shoot plants of Pharbitis in which a single donor leaf on one branch was 
exposed to SI), and the differences in time of flower initiation on the second branch (kept 
under LI)) were determined tor varying distances between the donor leaf and the receptor 
bud. Methods of this type, which admittedly are very indirect, suggest that the rate of 
movement of the flower hormone is much slower (2-4 mm/hour) than the normal rate of 
translocation ol sugars in the phloem. An experiment with Pharbitis has given evidence 
id much more rapid transport, however (Fig. 9.13). Evidence was obtained that the 
flowering stimulus had moved over a distance of 102 cm in 2 hours, i.e. a rate of 51 cm/liour, 
which is commensurate with the rate of movement of photosynthates in the phloem. 


PHOTO PERIODIC ' * A FT E It-1P FECT ’ * AND THE INDUCTION 
OF LEAVES 

As we have seen, a short-day plant does not have to be maintained continuously in short 
days in order to flower. After a certain number of favourable photopcriodic cycles a SD 
plant will flower even though it may subsequently be transferred to LD. Thus, as wc have 
seen, Xanthium will ultimately flower in response to a single SD cycle, although a con¬ 
siderable number of LD cycles may intervene between the SD and the ultimate appearance 
of flowers. Thus, certain species showed a marked photopcriodic “after-effect”, and a plant 
is said to become “induced” after exposure to SD. 

This after-effect of favourable photopcriodic cycles is evidently a property of the leaves, 
which apparently continue to produce “flower-hormone” even after they have been trans¬ 
ferred from favourable to unfavourable daylcngth conditions. Thus, the inductive response 
of the whole plant reflects the inductive changes occurring in the leaves. This conclusion is 
supported by many experiments. For example, Lona subjected a single leaf of a Perilla 
plant to SD, the other leaves remaining under LD conditions. After this period of SD 



The Physiology of Flowering — I. Photoperiodisrn 


217 



Exp«nm*n1a plant* 


OJ 


\o 





Control plonrj 


Fic. 9.13. Pharbitis plants of various heights were decapitated above the uppermost fully 
expanded leaf and all leaves except for the three upper ones were removed. The plants were 
divided into two groups. In the experimental group all axillary buds were removed except for 
one receptor bud at the base of the stem, and in the control group all buds were removed except 
for the one in the axil of the lowest donor leaf. The plants were given a single dark period which 
ranged in duration from 14 to 16 hours in different batches of plants, and at the end of the dark 
period all leaves and stems were cut off just above the receptor buds. No flower buds were 
formed in cither group when the leaves were removed 14 hours after the start of the dark 
period. Flower buds were, however, initiated in many plants whose donor leaves were removed 
16 hours after the start of the dark period, irrespective of the length of stem between the donor 
leaf and the receptor bud. The tallest plant bad a stem 102 cm long between the lowest donor 
leaf and the receptor bud at the base, and initiated two flowers. As there was no flowering in the 
lowest donor leaf in control plants given a 14-hour dark period, the flowering stimulus must 
have moved through 102 cm of stem within the last 2 hours of the 16-hour dark period, yielding 
a rate of movement of more than 51 cm/hour. (From G. Takcba and A. Takimoto, Bet. Mag., 
Tokyo, 79 , 811-14,1966.) 


treatment, the leaf was allowed to remain under LD for 4 weeks, when it was removed and 
grafted on to a vegetative Perilla plant, which in due course flowered. Thus, the leaf 
“remembered" the previous SD treatment although 4 weeks of LD treatment intervened 
between the end of the last SD cycle and the grafting on to the receptor plant. What is the 
basis of this after-effect shown by the leaves? 

Two theories have been put forward to account for the after-effect. Chailachjan postu¬ 
lated that a store of flower hormone is accumulated in the leaf under favourable conditions 
and is gradually exported from it for a long period even under favourable conditions. On 






218 


The Control of Growth and Differentiation in Plants 

the other hand, another Russian worker, Moshkov, postulated that the metabolism of the 
leaf somehow becomes permanently changed in response to favourable daylength condi¬ 
tions, so that it continues actively to produce flower hormone even if it is subsequently 
transferred to unfavourable day lengths. The available evidence seems strongly to support 
Moshkov’s theory. Thus, it would seem unlikely that in the experiment of Lona described 
above, sufficient flower hormone would still remain in the SD-treatcd leaf after 4 weeks of 
LI) treatment to induce flowering when it was grafted on to a vegetative plant. 

liven stronger evidence that leaves may become permanently changed under favourable 
daylength conditions is provided by certain experiments ofZecvaart. In one experiment, 
Pcrilla plants were first exposed to forty SI) cycles and the leaves were then grafted on to 
vegetative plants growing under LI). Every 14 days, ten of these leaves were removed 
and regrafted oil to a new group of vegetative plants. It was found that the leaves continued 
to induce flowering in each new group of vegetative stocks on to which they were grafted 
(1 jg. 9.4). There was no diminution in the flowering response even with the fifth group of 
leaves, which had been maintained under Ll)s for 10 weeks. In a second experiment there 
was no diminution in the flower-inducing effect after seven such graftings, although more 
than 3 months had elapsed since the leaves had received the SD treatment. Thus, in Per ilia, 
the leaves appear to become permanently induced. 

It is found that the state of induction is strictly localized within the Pcrilla plant and 
even within the individual leaves. Thus, if single pairs of leaves of Pcrilla are exposed to a 
series of SI ) cycles and the rest of the plant is kept under LL), it is found that only those 
leaves which directly received SDs are capable of inducing the plants to flower when 
grafted on to them {Fig. 9.14). In other experiments by Lona, only one half of single leaves 
were exposed to SI), and the other halt of each leal to LD. The leaves were then divided 
longitudinally and grafted separately on to vegetative receptor plants. Only those half 
leaves which had been directly exposed to SD were capable of inducing flowering. 

The situation is different in Xanthium, however. If a single leaf from a flowering Xati- 
tliiwn plant (A) is grafted on to a vegetative plant (B) growing under LD, this will flower, 
as has already been described. II other young leaves, which have never themselves heat exposed 
to SD, are taken from plant B and grafted on to further vegetative plants (C) these will also 
flower. Thus, the leaves of plant B have themselves become induced by the grafting of an 
induced leaf from plant A, although these leaves of B have never directly been exposed to 
SI). This effect is described as secondary induction, and it probably explains why Xanthium 
does not revert to the vegetative condition when it is transferred from SD to LD condi¬ 
tions, since all the new leaves formed will become secondarily induced. On the other hand, 
the new leaves formed by a Pcrilla plant which is transferred from SD to LD will not be 
induced and they appear to inhibit the flower-promoting effects of the older leaves which 
became induced by the previous SD treatment (see below), and hence the plant reverts to 
the vegetative condition. 

Although Xanthium and Pcrilla show marked persistence of photopcriodic induction of 
leaves, it is not known how general arc these effects. Reversion of whole plants to the vege¬ 
tative condition on exposing to a minimal number of SDs and then returning them to LD 
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Fic. 9.14. Permanency of the photo-induced state in Per dirt (see text). Black: leaves exposed to 
short days; in outline: plants on long days. Leaves which have directly received SI) treatment 
will induce flowering when gratted successively to negative receptor plants, whereas non- 
induced leaves from the original or from the receptor plants, and flowering shoots from the 
latter, will not do sc. (From A. Lang, Eticyd. Plant Physiol. 15(1), 1416, 1965, after data from 
Zeevaart.) 


certainly occurs in soybean and a number of other species, but whether this is due to “de- 
induction” of the leaves exposed to SD, or to the production of new, non-induccd leaves, 
as in Peril la, is not known. 

As Zeevaart has pointed out, the permanent induction of leaves makes it necessary to 
distinguish between two distinct phenomena, viz, 

(1) the induced state (i.c. the ability to produce the floral stimulus), gradually built up 
under the influence of favourable daylcngths, which is irreversible and strictly 
localized in some plants; 

(2) the floral stimulus , which is transmissible from induced leaves to the growing points 
where it exerts its morphogenetic effect. 


NATURAL FLOWER-INHIBITING EFFECTS 


Several lines of evidence suggest that not only flower-promoting processes, but also 
flower-inhibiting effects occur in photoperiodic plants. Thus, if one branch of a two-shoot 
plant of soybean or Perilla is exposed to SD and the other to LD, the latter will not flower 
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unless its own leaves arc removed. That is to say, the flowering stimulus from the “donor” 
branch does not produce any effect in the “receptor” branch in the presence of LD leaves. 
Similarly, if a scion from a vegetative plant of Per ilia is grafted on to a stock which has 
previously been maintained under SD, the scion will only flower if its leaves are removed. 
Thus, in sonic SD species, LD leaves exert an inhibitory effect on flowering. 

This inhibitory effect of LD leaves is only manifested if they occur between the shoot 
.apex and the source of the flowering stimulus. Thus, it a single leaf of Kalanchoe is exposed 
to SD and the remainder of the plant is maintained under LD, the presence of LD leaves 
between the SD leaf and the shoot apex prevents flowering, but if all leaves arc removed 
above the SI) leaf and only LD leaves below arc allowed to remain the plant will flower. A 
LI) leaf is particularly inhibitory if it is immediately above the SD leaf (i.c. on the same 
orthostichy). LD leaves on the opposite side of the stem from the SD leaf have less inhibitory 
effect. 

it has been suggested that these inhibitory effects of non-induccd leaves can be interpreted 
in terms of interference with the translocation of the flower hormone, which, it is assumed, 
is carried with the main stream of photosynthates. The leaves which supply the greater part 
of the photosynthates to the shoot apical region arc the uppermost mature leaves. If the 
latter are SD leaves, then they will supply flower hormone, as well as photosynthates, to 
the shoot apex, but if LD leaves are interposed between the apex and the SD leaves, then 
the supply of both photosynthates and flower hormone from the SD leaves to the apex 
will be reduced. 

Other authors have argued that these inhibitory effects of leaves can only be interpreted 
in terms of specific flower-inhibitory substances; that is to say, they postulate that there arc 
flower-inhibitory hormones as well as flower-promoting ones, but this conclusion is based 
upon indirect evidence. 

Other flower-inhibiting effects arc seen in experiments in which SDP such as Kalanchoe 
arc exposed to SD cycles between which arc intercalated one or more LD cycles. It can be 
shown that if the plants arc exposed alternately to two SD cycles and one LD cycle, flower¬ 
ing is completely inhibited, and a careful analysis of the data indicates that the effect of the 
intercalated LD cycle is not merely “neutral” but positively inhibitory to flowering. In this 
type of experiment it would seem that we are dealing with inhibitory effects of LDs 
within the leaf itself, and not with the export of a flower-inhibitor to the shoot apex. 

Flower-inhibiting effects also occur in LDP, since, as we have seen, in these plants long 
dark periods appear to have an inhibitory effect. It seems likely, however, that the mech¬ 
anism of inhibition in this case is different from that occurring in the leaves of SDP when 
they are kept under LD. 

It might be asked whether, if there are flower-inhibiting processes in both SDP and LDP, 
it is necessary also to postulate active flower-promoting processes? Might not the flowering 
of SDP when transferred to SD conditions be due primarily to the removal of the flower- 
inhibitory processes occurring under LD? If so, we may not need to postulate the existence 
of the elusive “flower hormone”. However, most workers in this field consider that other 
experimental evidence points strongly to the existence of both flower-promoting and 
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flower-mlnbiting processes. Thus, the observation that a single leaf taken from a flowering 
plant of Xanthium will induce flowering in a vegetative plant maintained under LD is 
difficult to explain in terms simply of the removal of flower-inhibition in the receptor plant. 
It would seem, therefore, that the regulation of flowering in both SOP and LDP may 
involve the interplay of both flower-promoting and flower-inhibiting processes. 


TIME MEASUREMENT IN PHOTOPERIODISM 

We have seen that flowering in SDP occurs when they arc kept under daylcngth condi¬ 
tions in which the length of the night exceeds the critical dark period and that some plants 
can detect differences in the length of the dark period of as little as 15 minutes. Thus, 
Xanthium has a critical dark period of hours at 25 C. A difference of only 15 minutes in 
the length of thedark period can determine whether or not sugar cane will flower. It is clear, 
therefore, that these species have rather accurate time-measuring mechanisms. Several 
suggestions have been made as to the nature of this mechanism. 

Thus, the “clock” might be of the “hour-glass” type, ill which the time taken for a 
particular substance to accumulate or be depicted to a certain threshold value may be the 
time-measuring process. Since flowering in SDP requires that the phytochromc in the 
leaves shall be in the P r form, and that there is a gradual conversion of P lt to P r during the 
first hours of darkness (p. 210), it has been suggested that the critical dark period may repre¬ 
sent the time taken for P fr to decline to a certain level. However, it is found that the reaction 
P fT -> P r is effectively complete after 2-3 hours of darkness, whereas the critical dark period 
of Xanthium is 8^ hours. 

Again, if the length of the critical dark period is determined by the time taken for the 
conversion of P fr to P r , then irradiation with far-red light at the beginning of the dark 
period should greatly reduce the length of the critical dark period for flowering in SDP, 
by hastening the conversion of P fr to P r , but this is found not to be the case for all but one 
of the species so tested. On these and other grounds it seems unlikely that the rate of con¬ 
version of P fr to P r is the factor determining the length of the critical dark period of SDP. 
Wc arc therefore forced to consider other hypotheses regarding the time-measuring 
mechanism, and among these is the “Endogenous Rhythm” hypothesis of Biinning. 


ENDOGENOUS RHYTHMS IN PHOTOPERIODISM 

It is many years since Bunning first drew attention to the existence of persistent rhythms 
in plants. He investigated the diurnal movement of leaves in the runner bean [Phaseolus 
multifiorus) in which the primary leaves rise during the early part of the day and later fall 
towards evening and reach a minimum position during the night; they then start rising 
again towards the morning. These movements are regulated by turgor changes in the 
“pulvini” of the leaves. 
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Now, if a bean seedling is exposed to a period of daylight and then kept in continuous 
darkness for several days, it will continue to show the typical diurnal movements, rising and 
falling on a 24-hour cycle even though it is itself not being exposed to the natural alterna¬ 
tion of light and dark. That is to say, the bean plant shows a persistent endogenous rhythm 
in its leaf movements. If the position of the leaf is plotted against time then we obtain a 
sinusoidal curve. As the period of darkness is extended, the amplitude of the movements 
gradually declines to zero. The plant then needs a further exposure to light to set the rhythm 
in train again. 

Since these early observations on leaf movements, it has been shown that many other 
processes in plants show a regular diurnal rhythmirity, including the following: 

(1) Opening and closing of flowers. 

(2) Root pressure. 

(3) (irowth rate. 

(4) Respiration and other metabolic processes. 

(5) Activity of certain enzymes. 

(6) Mitosis and size of nucleus. 

(7) Discharge of fungal spores, e.g., Pilobolus. 

I he length of a single cycle of an endogenous rhythm when “free-running” in darkness 
is approximately, but not exactly, 24 hours. It is important that under natural conditions 
the endogenous rhythm of the plant should be synchronized with the diurnal cycle of day 
and night, and this is achieved by the entrainment of the endogenous rhythm by the natural 
day and night. Although the rhythms are endogenous in the sense thar, once started, they 
can be maintained lor several days even in continuous darkness, nevertheless, many such 
rhythms require the stimulus of the change from dark to light or vice versa, to start them 
ofl. Thus, synchronization between endogenous rhythm and natural day and night is 
achieved by daily setting of the rhythm by a “light-on” signal at dawn, or a “light-off ” 
signal at dusk. 

I bus, there can be no doubt as to the existence ot endogenous rhythms in plants. Now 
Biinning postulated that there is also an endogenous rhythm in photopcriodic sensitivity, 
and he put forward a theory of photoperiodism based upon this endogenous rhythm. He 
suggested that during the day SDP are in a “photophile” phase, when light is favourable 
for flowering, and that during the night they arc in a “skotophile” phase, when darkness is 
favourable and light is inhibitory to flowering. Thus we have to envisage a regular rhythm 
in photopcriodic sensitivity, as the plants enter first the photophile and then the skotophile 
phase. It was postulated that SDP will flower when the daily light and dark periods corres¬ 
pond with the photophile and skotophile phases ot the plants, i.e. when thev are under 
SD. Under LD light will extend into the skotophile phase and will inhibit flowering. The 
responses ot LDP have proved more difficult to account for on this theory, and these 
responses may be the reverse ot those of SDP. 

Bunning’s theory has been subjected to certain criticisms and put to various experimental 
tests, some of which have not given the results predicted by the theory. Nevertheless, there 
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now seems no doubt that there is an endogenous rhythm in photoperiodic sensitivity in at 
least some species. This rhythm has been demonstrated in various ways. 

Thus, Hamner grew soybean plants on a wide range ot different cycle lengths; each 
plant received 8 hours oflight followed by a dark period the length ot which varied from 
8 to 62 hours. It was found that the plants dowered maximally when the total cycle length 
was 24 hours or a whole multiple thereof, i.e. 48 hours, 72 hours, but remained vegetative 
when the cycle length amounted to about 36 or 60 hours (Fig. 9.15). These results strongly 
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FlC. 9.15. Flowering responses of Biloxi soybeans to cycles by various lengths. Plants were 
exposed to seven cycles, each cycle consisting of 8 hours of high-intensity light (HXXM 500 fc) 
and associated dark periods of various lengths. Total nodes flowering per 10 plants is plotted 
against cycle length. (After K. C. Hamner, Chapter 13 in Environmental Control of Plant Growth, 
Academic Press, New York, 1963.) 


suggest that the light and dark processes in soybean are geared to a 24-hour cycle, so that 
when the cycle length is 24, 48 or 72 hours in length, the endogenous “photophile” and 
“skotophile” phases will correspond with the environmental light and dark periods, hut 
that when the latter are on 36- or 60-hour cycles they will be out of phase with the endo¬ 
genous rhythm of the plants, which will therefore not flower. It is also found that the 
vegetative growth of tomato plants is best when the cycle length is 24 hours or a whole 
multiple thereof, but is poor on cycle lengths of 36 or 60 hours. However, other species, 
including Kalarukoe and Xanthium , show no marked responses to variations in cycle length. 

A second type of approach to the problem of endogenous rhythms in photopcnodism 
has involved the introduction of short light interruptions (“night-breaks 7 ') at different 
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stages oflong dark periods, to determine whether there is any evidence of rhythmic varia¬ 
tions in photoperiodic sensitivity, as judged by the flowering response. Experiments have 
been carried out with plants maintained on 48-hour or 72-hour cycles in which, following a 
short photoperiod (of say 10 hours), night-breaks arc given at various stages during the 
following 38- or 62-hour dark periods. In soybean and in Chenopodium rubrum , such night- 
breaks arc found to be inhibitory to flowering during the early and late part of a 38-hour 
dark period, corresponding to the skotophile phases postulated by Biinning. With 62-hour 
dark periods three inhibitory phases are found, corresponding again to the predicted three 
skotophile phases in a 72-hour cycle (Fig. 9.16). 



Uninterrupted darkness 


Time at which irradiation treatment yiven/h after 
beyinmny of dark period 


Fie. 9.16. Flowering of Chenopodiutn rubrum with a single 72-hour dark period interrupted at 
different times by 4 minutes of red light or by 10 seconds of intense far-red light. (From D. 
Vince-Pruc (1975) adapted from B. G. Gumming, S. B. Hendricks and H. A. Borthwick, 
Can.J. Bot. 43, 825.1965.) 


Thus, two different types of approach have given results, with certain species, which 
appear to indicate that there is, indeed, an endogenous rhythm in photoperiodic sensitivity, 
similar to that postulated originally by Biinning. However, other species have given 
different results. Thus, although “night-breaks” given during long dark periods show 
rhythmicity in Kalanchoe, flowering in this species is little affected by the cycle length. 
Again, night-break experiments with Pharbitis nil show very little evidence of rhythmicity, 
and the experimental data can be interpreted in terms of an “hour-glass’ model. 

Biinning originally postulated that the photoperiodic cycle is set off by the onset of 
dawn, which starts the oscillation, and that the skotophile phase follows on 12 hours after 
this “light-on” signal. However, later experimental data seem to indicate that in some 
species the oscillation is established by the transfer from light to dark, i.c. by a “light-off” 
signal. There is some evidence that phytochrome may be involved in the “light-off” 
response. For example, in Lenina pcrpusilla , an endogenous rhythm in carbon dioxide 
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output is established by a light-off signal at the end of a period of red light, and R/FR 
reversibility has been demonstrated for the light phase. 

From the evidence presented there seems little doubt that some plants do show an 
endogenous periodicity in photoperiodic sensitivity. It still remains an open question, 
however, whether such rhythms occur in all species showing photoperiodic responses. 
Thus, endogenous rhythms may modify the photoperiodic responses in sonic species but 
may not be a universal factor in the photoperiodism of all plant species. Moreover, the 
demonstration of rhythmicity by the type of experiment described above does not imply 
the correctness of Biinning’s hypothesis regarding photoplulc and skotophile phases. 

It is clear that the occurrence of endogenous rhythms implies the existence of some sort 
of “oscillator” mechanism in the plant, but the nature of this oscillator is still completely 
unknown. However, such an oscillator could serve as a time-measuring mechanism or 
physiological clock, but whether this is the actual time-measuring mechanism involved in 
photoperiodism must remain an open question tor the present. 


THE SEQUENCE OF PROCESSES LEADING TO HORMONE 
SYNTHESIS 

We have seen that it has been possible to recognize a number ot partial processes leading 
to the production ot the flowering stimulus in SIM\ and we are now in a position to 
summarize briefly the present state ot knowledge regarding the sequence and interrelations 
of these processes. 

Firstly, there is a requirement for a high-in tensity light reaction (photosynthesis) which 
is met during the photoperiod, and which evidently provides the energy and substrates 
necessary for the processes occurring during the ensuing dark period. However, there is 
reason to believe that phytochrome effects arc also involved during the photoperiod, since 
the flowering of SDP, such as Kalanchoe blossfeldiana, when maintained in continuous 
darkness for long periods, is promoted by a short daily period of red light, suggesting that a 
minimal level of P fr during the photoperiod is required for flowering. Normally, at the 
end of the photoperiod, the phytochromc will be present in approximately equal concen¬ 
trations of P r and Pfr- During the first few hours of the dark period, P f r decays, so that P r 
now predominates. Flower hormone synthesis does not commence until a certain mini¬ 
mum period of darkness (critical dark period) has elapsed and it then proceeds rather rapidly 
in the next few hours. It is apparently necessary for phytochromc to be present in the P r 
form in order for flower hormone synthesis to proceed, since wc know that a short interrup¬ 
tion with red light (which converts P r to P fr ) inhibits flowering. However, the commence¬ 
ment of hormone synthesis is apparently not directly controlled by the decay of P fr , since 
the duration of the critical dark period is apparently considerably longer than the time 
required for P fr decay. Hence it has been suggested that there must be some time-measur¬ 
ing” mechanism, which more directly controls the commencement of hormone synthesis. 
We have seen that it is possible that the timc-mcasunng mechanism involves an endogenous 
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rhythm in certain unknown processes, and that the role of phytochrome in flowering may 
lie in its effects on the time-measuring processes, rather than directly on the process of 
flower hormone synthesis. 

These ideas are summarized as follows: 


* Photoperiod-* 


Dark period 


Photoperiod-* 


Photosynthesis 


Decay of P rp 


Time-measuring 

process 


Flower 

hormone 

synthesis 


Photosynthesis 
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CHAPTER 10 


The Physiology of Flowering — 
II. Temperature and Other Factors 


VERNALIZATION 

As we have seen, photopcriodic responses to seasonal variation in day length conditions 
will account for the periodicity in dowering behaviour of many plant species, both tem¬ 
perate and tropical. It will be noticed, however, that among the examples of temperate 
species which show photopcriodic responses there were relatively few spring-flowering 
species, although it is a matter of everyday observation that there is a considerable number 
of “dowers that bloom in the spring”, and many of these spring-dowering forms, such as 
celandine (Ficaria rent a), primroses (Primula vulgaris), violets {Vio la spp.), etc., show marked 
seasonal behaviour, and remain vegetative for the remainder of the year after the spring 
Hush of dowers. It might have been expected that spring-dowering is a response to the short 
days of winter, but this docs not appear to be the case in many species. 

Day length is not, of course, the only environmental factor showing an annual variation, 
and clearly temperature also shows well-marked seasonal changes, especially in temperate 
regions, although there is considerable variations from day to day and from year to year. 
We now know that seasonal variations in temperature, as well as in daylcngth, have a 
profound effect upon the flowering behaviour of many species of plant. 

The clue to the importance of temperature as a regulator of flowering came first from 
the studies of Gassncr in 1918 on the flowering of cultivated varieties of cereals. Cereals 
such as wheat (Triticum) and rye (Scra/e) can be grouped into two classes depending upon 
whether they are to be sown in the autumn (“winter” varieties) or in the spring (“spring” 
varieties). Winter wheat sown in the autumn, or spring wheat sown in the spring, both 
flower and mature in the following summer. If the sowing of the winter wheat is delayed 
until the following spring, however, it fails to car and remains vegetative throughout the 
growing season. It seems unlikely that the necessity for sowing winter w heat in the autumn 
is simply to secure a longer growing season as such, since autumn-sown plants make rela¬ 
tively little growth during the winter, and winter wheat plants from spring sowings cer¬ 
tainly seem to make adequate leaf development, yet they will not flower. 
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Gassncr therefore investigated the effects of different temperature regimes during the 
germination and early growth of winter and spring rye. He sowed winter and spring rye 
in sand at different dates between 10th January and 3rd July and kept them at the following 
temperatures during germination: 1-2"C, 5-6 J C, 12 'C and 24 C. They were later planted 
out-of-doors. I le found that the temperature during germination had no influence on the 
subsequent flowering of spring rye, and all seedlings planted out on the same date flowered 
at approximately the same time, irrespective of the temperature treatment during germi¬ 
nation. In winter rye, however, only the plants which had been germinated at 1-2°C 
flowered regardless of the planting date out-of-doors. Seedlings that were germinated at 
temperatures above 1-2'C were found to flower only if they were planted not later than 
March or early April, so that they would have been exposed to some actual chilling out-of- 
doors (in Central European climatic conditions). Gassncr concluded that whereas the 
temperature conditions during early growth do not affect the flowering of spring rye, the 
Howering of winter rye depends on its passing through a cold period, cither during germi¬ 
nation or later (Fig. 10.1). 

This work of Gassncr was later followed up in the U.S.S.R. and a great deal of work 
was carried out there, particularly in relation to possible economic applications. The 
severity of the Russian winter in many regions does not permit autumn sowing of winter 
wheats, which, however, usually have a higher yield than spring varieties. A technique was 
devised by Lysenko, whereby the cold treatment required by winter wheat was applied to 



Fie. 10.1. Effect of vernalization of dowering in “Petkus” winter rye (Sccale cereal*). Left: 
maintained for several weeks at T*C after germination; rig/rf: seed unvernalized. (From O. N. 
Purvis, Ann. fief. 48 , 919, 1934.) 
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the seed before sowing in the spring. The method used was to allow partial soaking of the 
seed, so that there was sufficient imbibition of water to allow slight germination and 
growth of the embryo, but not sufficient for complete germination. Seed of winter wheat 
in this condition, which was exposed to cold treatment by burying in the snow, attained 
flowering and maturity in the same season if sown in the spring. The technique came to be 
known as vernalization , and this term has subsequently been extended to other treatments 
involving exposure to winter chillings, not only at the seed stage, but also at later stages of 
development of the plant. 


Types of Plant showing Chilling Requirements for Flowering 

We have seen that chilling of winter wheat is effective in stimulating subsequent flower¬ 
ing whether given during the early stages of germination or later, when considerable 
development of leaves has occurred. Later work has shown that many species have a 
chilling requirement for flowering, including winter annuals, biennials and perennial 
herbaceous plants. Winter annuals are species which normally germinate in the fall and 
flower in the early spring. They include such species as Airapraccox , Erophila vema, Myosotis 
discolor and Veronica agrestris. 

It now appears that winter annuals and biennials arc effectively monocarpicf plants 
which have a vernalization requirement—they remain vegetative during the first season 
of growth and flower the following spring or early summer, in response to a period of 
chilling received during the winter. The need for biennials to receive a period of chilling 
before flowering can occur lias been demonstrated experimentally for a number of species, 
including beet (Beta vulgar is), celery (Apium gravcolens), cabbages (and other cultivated 
forms of Brassica), Canterbury bells (Campanula medium), honesty (Lunaria biennis), foxglove 
(Digitalis purpurea) and others. If plants of foxglove which normally behave as biennials, 
flowering in the second year after germination, arc maintained in a warm greenhouse they 
may remain vegetative for several years. In regions with a mild winter climate cabbages 
may grow for several years in the open without “bolting” (i.c. flowering) in the spring, as 
they do in areas with cold winters. Such species have an obligate requirement for vernaliza¬ 
tion, but there a number of other species in which flowering is hastened by chilling but 
will occur even in unvernalized plants; such species showing a facultative cold requirement 
include lettuce (Lactuca sativa ), spinach (Spinada oleracva) and late-flowering varieties of pea 
(Pisum sativum). 

As well as biennial species, many perennial species show a chilling requirement and will 
not flower unless they arc exposed each winter to cold conditions. Among common 
perennial plants which are known to have such a chilling requirement arc prim rose (Simula 
vulgaris), violets (Viola spp.), wallflowers (Cheiranthus cheirii and C. alhonii), Brompton 
stocks (Mathiola incarna), certain varieties of garden chrysanthemum (Chrysanthemum 


f See p. 281 for an explanation of this term. 
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morifolium ), Michaelmas daisies (Aster spp.), Sweet William { Diamhus ), rye-grass (Lolium 
perenntj. Perennial species require rcvcmalizing every winter. 

It seems very probable that many other spring-flowering perennials will prove to have 
a chilling requirement when they arc investigated. Bulbous spring-flowering plants such 
as daffodil (Mur/wns), hyacinth, bluebell (Endymion nomcriptus), crocus, etc., do not have 
chilling requirements for flower initiation, the flower primordia being laid down within 
the bulb during the previous summer, but their growth is markedly affected by tempera¬ 
ture conditions. For example, in tulip flower initiation is favoured by relatively high 
temperatures (20 C), but the optimum temperature for stem elongation and leaf growth is 
initially 8 -9 rising to 13 C, 17 C and 23 C at successively later stages. Similar tempera¬ 
ture responses are shown by hyacinth and daffodil (Narcissus). 

In many species flower initiation does not occur during the chilling period, but only 
after the plants are exposed to higher temperatures following chilling. However, some 
plants, such as Brussels sprouts, have to remain at low temperatures until flower primordia 
have actually been formed. It appears that all the species with a chilling requirement for 
flowering can be vernalized at the “plant” stage, i.e. as leafy plants, but not all species can 
be vernalized at the “seed” stage, as can winter cereals. Among the other species which can 
be vernalized at the seed stage are mustard (Sinapis alba) and beet (Beta). On the other hand, 
cultivated varieties of lirassica (cabbages, Brussels sprouts) and celery cannot he vernalized 
in the seed stage but the seedlings must attain a certain minimum size before they become 
sensitive to chilling, and thus show a “juvenile” phase. Generally, those species which can 
be vernalized at the seed stage are facultative cold-requiring plants, whereas those which 
can only be vernalized at the plant stage show an obligate chilling requirement. 

Many plants with a dulling requirement resemble long-day plants, in that they have a 
rosette habit in the vegetative phase, and show marked internode elongation associated with 
flowering. 

The requirement for chilling for flower initiation must not be confused with a chilling 
requirement {or the removal of bud dormancy (see p. 259). Thus, many woody plants 
flower in the spring, but the flower initials are laid down within the bud during the pre¬ 
ceding summer and they have a chilling requirement, not for flower initiation, but tor the 
removal of bud dormancy. 


Species showing both Chilling and Photoperiodic Responses 

Interactions between vernalization and photoperiodic responses have been studied in a 
number of species. Henbane (Hyoseyamus niger) exists in annual and biennial forms, cor¬ 
responding to the spring and winter forms of rye. The annual form does not require 
vernalization, but is a long-day plant, which flowers in the summer. The biennial form 
requires vernalization, followed by long days, tor flowering to take place. 

As an example of a perennial plant which shows both vernalization and photoperiodic 
responses, we may mention perennial rye-grass (Lolium perenne). In this species, flowers are 
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initiated in response to winter chilling, but long days are required for emergence of the 
inflorescence, so that elongation of the flowering stem does not commence until the day- 
length exceeds 12 hours in March. The new tillers (lateral shoots) which emerge during the 
spring and summer are unvemalized and remain vegetative throughout the growing 
season, until the following winter. Consequently, flowering of perennial rye-grass is 
seasonal and restricted to the spring and early summer. 

Vernalization requirements are less common among short-day plants, but the garden 
chrysanthemum constitutes an example which has been studied intensively. Certain 
varieties of chrysanthemum have a vernalization requirement which must be met before 
they will respond to short days. Alter the parent plant has flowered in the autumn a num¬ 
ber of horizontally growing rhizomes emerge from the base id* the plant and grow just 
beneath the surface of the soil. Under outdoor conditions these new shoots will become 
vernalized by natural winter chilling, and in the spring they grow into normal, upright 
leafy shoots, which grow vegetative!}' under the long days of summer and initiate flowers 
in response to short days in the autumn. If, however, the plants arc not exposed to chilling 
during the winter, but are grown under warm conditions in a greenhouse, the new shoots 
do not become vernalized, and although they grow actively throughout the summer, they 
are incapable of forming flowers in the short days ot autumn. Thus, the chrysanthemum 
provides another example in which the new shoots arising each year need to be vernalized, 
since the vernalized condition is not transmitted from the parent shoots, as it is in rye 
(p. 232). 

Gcnetical aspects of vernalization responses have been studied in several species. In rye, 
the diflerence between spring and winter forms is found to be controlled by a single major 
gene, the requirement for vernalization ot the winter forms being recessive to the non- 
requirement of spring rye. The opposite situation exists in henbane, where the biennial 
habit (vernalization required) is dominant to the annual habit (no chilling requirement). 
In other species, however, the inheritance of chilling responses is more complex and in 
rye-grass (Lolium perenne) several genes appear to be involved. 


Physiological Aspects of Vernalization 

Intensive studies on the physiological changes underlying vernalization have been 
carried out on relatively few species and our knowledge of the subject is based largely on 
the work of Gregory and Purvis on winter rye, of Melchcrs and Lang on henbane (Hyo- 
scyatntts niger) and of Wellcnsick on several other species. 

The work of Gregory and Purvis lias established a number of important characteristics 
of the processes occurring during vernalization of rye. Firstly, they showed that the changes 
occur in the embryo itself and not in the endosperm, as had been suggested. This was done 
by removing the embryos from the grain and cultivating them on a sterile medium con¬ 
taining sugar; such embryos were given a period of cold treatment and showed the typical 
hastened flowering responses given by vernalized grain, when planted. It was even possible 
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to vernalize isolated shoot apices, which had been removed from the embryos and culti¬ 
vated under sterile conditions. Such apices developed roots and regenerated into seedlings 
which ultimately flowered in response to the earlier chilling treatment. Moreover, it was 
shown that vernalization may even be effected whilst the young embryos are still develop¬ 
ing in the ear of the mother plant. This was done by enclosing the developing ears in 
vacuum flasks packed with ice, or by removing developing ears and keeping them in a 
refrigerator until mature. In this way it was shown that vernalization is effective in embryos, 
even if commenced only 5 days after fertilization. 

It has been shown that in older plants it is the shoot apical region which must be chilled. 
This was shown for celery, beet and chrysanthemum by placing a cooling coil around the 
shoot apical region. Thus, whereas in photoperiodism it is the leaves which arc the sensitive 
organs to dayleiigth, in vernalization the shoot apex itselfis sensitive to the chilling tempera¬ 
tures. Wcliensiek has shown that in Lunaria young leaves arc also capable of being vernal¬ 
ized, but older leaves, which have ceased growth, do not respond, unless they show some 
cell division at the base of the petiole. Wcliensiek maintains that only tissues which have 
dividing cells are capable of being vernalized. 

for the majority of species, the most effective temperatures arc just above freezing, viz. 
1-2’C, but temperatures ranging from 1 C to 9°C are almost equally effective. Hence 
freezing of the cells is not necessary to bring about the changes occurring during vernaliza¬ 
tion, suggesting that physiological, rather than purely physical processes are involved. This 
conclusion is confirmed by the observation that cold treatment of rye grain is ineffective 
under anaerobic conditions, indicating that probably aerobic respiration is essential. By 
cultivating excised embryos on media with and without sugar it was shown that a supply 
of carbohydrate is necessary during cold treatment. Thus, although the metabolism of most 
plants is considerably retarded at cool temperatures, there seems little doubt that vernal¬ 
ization involves active physiological processes, but the nature of these processes is still 
quite unknown. 

It is found that the degree of hastening of flowering in rye varies with the duration of 
exposure to cold, the longer the cold treatment the shorter the period from sowing to 
flowering, up to a certain limit, beyond which further cold treatment has no further hasten¬ 
ing effect (Fig. 10.2A). Quite short exposures to cold, such as 7-11 days, have a noticeable 
vernalizing effect, and this effect increases progressively with the duration of treatment. 

The vernalization process can be reversed by exposing the grains to relatively high 
temperatures(25~40°C) for periods of up to 4 days. Seeds treated in this way show a reduced 
flowering response, and are said to be “devemalized”. As the period of chilling increases, it 
becomes increasingly difficult to reverse the effect, and when vernalization is complete, 
high temperature is ineffective. Devemalized grains can again be vernalized by a further 
period of chilling. 

Once the rye plant has been vernalized it appears that the condition is transmitted to all 
new tissues formed subsequently, so that all new laterals are also vernalized. Indeed, if the 
main shoot apex is removed, so that the laterals are stimulated and then these are decapi¬ 
tated to stimulate secondary laterals and so on, it is found that even fourth-order laterals 
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Fig. 10.2. A. Effect of the duration of chilling of seed, on subsequent flowering behaviour of 
Pctkus winter rye. Curve indicates time to anthesis from planting, for various periods of 
vernalization. (From O. N. Purvis and F. G. Gregory, Ann. Bet. I, n.s. 3(>9, 1‘>37.) 

13. Hypothetical scheme, illustrating two reactions with different temperature coefficients 
(see text). 


arc still fully vernalized although the apices of these laterals were not present at the time of 
the chilling treatment. Thus, the vernalized condition is transmitted from a parent cell to 
its daughter cells in cell division and it docs not appear to be “diluted” in the process. 


The Nature of the Changes occurring during Vernalization 

One of the striking features of vernalization is that, at first sight, it appears to involve 
processes which go on more rapidly at lower than at higher temperatures. This effect is 
most unusual for chemical processes and yet wc must assume that the changes occurring 
during vernalization arc essentially enzyme-controlled reactions showing the usual charac¬ 
teristics of such reactions. How then are we to explain the apparent “negative temperature 
coefficient” of vernalization? One very simple hypothesis which has been put forward 
postulates the occurrence of two separate processes competing for a common substrate, 
each having positive (though different) temperature coefficients: 

1 II 

Precursor (A)-> Intermediate-► End product (C) 

product (B) 

i HI 

D 

In this scheme reaction II and III compete for the common Intermediate product B. 
Suppose reaction III has a higher temperature coefficient than reactions I and II (Fig. 10.213), 
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This means that high temperatures will favour reaction III and more of B will be diverted 
into this reaction, so that little C will be formed. When, however, the temperature is 
markedly reduced, this will reduce the rate of reaction III more than that of II (since by 
definition reaction III shows greater response to changes in temperature). Consequently, 
reaction II will be favoured at the reduced temperature and C will accumulate. C will, 
therefore, be formed at lower temperatures but not at higher temperatures. Thus, the 
overall production of C will appear to have a “negative temperature coefficient”, although 
each of the three involved reactions has a positive temperature coefficient. There is no direct 
evidence to support this hypothesis, but itisof value as indicating how an overall process mav 
proceed more rapidly at lower temperatures, without contravening the normal laws of 
chemical reactions. 

We have already seen that vernalization appears to involve relatively stable changes, so 
that once the fully vernalized state has been attained by meristematic tissue, it appears to be 
transmitted by cell-lineage without “dilution”. This conclusion in turn may imply that the 
vernalized state is transmitted through some self-replicating cytoplasmic organelle, but it 
is equally possible that certain genes become activated during vernalization and that once 
this has occurred, this change is transmitted to the daughter nuclei during division. 


l he Flowering Stimulus iti Vernalization 

Although so much study lias been devoted to vernalization, our understanding of the 
nature of the physiological and biochemical processes involved is still very fragmentary. 
It is not yet clear whether a specific transmissible flower hormone is formed as a result of 
vernalization, although there is evidence that this may be the case, at least in some species. 
We have seen that in photoperiodism some of the strongest evidence for the existence of a 
Mower hormone is provided by grafting experiments, and somewhat similar results have 
been obtained with certain species showing a vernalization requirement. 

A notable example of flower induction by grafting in a vernalized plant is provided by 
henbane. If a leaf from a vernalized plant of the biennial variety of henbane is grafted on to 
an unvernalized stock of the same variety, the latter is induced to flower without chilling. 
A similar response can be obtained by grafting on to the unvernalizcd biennial variety a 
leaf from any of the following: (1) the annual variety of henbane (a LDP, with no vernaliza¬ 
tion requirement); (2) Petunia hybrida, an annual LDP; (3) tobacco, day-neutral variety 
(4) tobacco, variety “Maryland Mammoth” (SDP), under either SD or LD. Thus, trans¬ 
mission of a flowering stimulus can take place between cold-requiring and non-cold- 
requiring plants, even of different genera. Similar results have been obtained in the biennial 
species beet (Beta rulgaris), cabbage (Brrmi'oi £i/er<ire<j), carrot (D<mci<s caret a) and Lunar ia 
hicnms. On the basis of these results, Mclchers and Lang suggested that a transmissible 
flowering stimulus, which they called vemalin, is formed as a result of chilling in biennial 
plants. 

On the other hand, in some species, including Chrysanthemum, it has not proved possible 



The Physiology oj Flowering—IL Tern per outre ond Other Foetors 


235 


to obtain transmission of a flowering stimulus from vernalized to noil-vernalized plants by 
grafting. Moreover, if the tip region of the plant was given localized cold-treatment and 
hence flowered, the other buds not directly chilled remained vegetative. Similarly, when 
the tip of an un vernalized radish plant was grafted on to a vernalized one, flowering did not 
occur. These latter results are consistent with the conclusion that the vernalized oWi/iiw 
(as opposed to a flowering stimulus) is only transmitted through cell division, i.e. by "cell 
lineage”. It would seem, therefore, that we must make a distinction between the vernalized 
(“thermo-induccd”) state and the formation of a flowering hormone, just as we saw that in 
photoperiodism we have to distinguish between the induced state of a leaf, and the trans¬ 
missible stimulus formed in it. 

The question then remains as to whether there is a specific flowering stimulus, vcmalin, 
formed in plants with a chilling requirement. In most of the successful grafting experiments, 
referred to above, the donors were from species which have a requirement for botli chilling 
and LDs or for LDs alone, and the experiments were usually carried out under LI) condi¬ 
tions. Moreover, it is generally found necessary that the donor shoots should have leaves. 
Thus, it seems possible that '‘vcmalin" is identical with the flower hormone produced in 
the leaves of LDP. Mclchers and Lang have argued against this last conclusion, on the 
ground that leaves of Maryland Mammoth tobacco will induce flowering in stocks of 
biennial henbane, both under SD and under LI), although Maryland Mammoth itself 
will not flower under the latter conditions (Fig. 10.3). On the other hand, biennial Uyo- 
scyatmts causes flower formation in Maryland Mammoth tobacco only if the donor has 
been vernalized. These results suggest that there is a distinct transmissible agent which in 
cold-requiring plants arises only after chilling, whereas in non-cold-rct]luring ones its 
formation is not dependent on phoroperiodic induction, and hence it cannot be identical 



Fig 10 3 Flower induction in non-vernalized biennial Hyoseyamus tu X er by Maryland Mam¬ 
moth ^obacaTdonon in short days (tf) »d W 

caused by the non-photoinduccd donor. {From Lang, 1%^** Further Heading.) 
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with florigen. It has therefore been suggested that vemaUn and florigen are interdependent, 
and that vemalin must be present if florigen is to be formed. Thus, the sequence')’ of events 
for cold-requinng plants may be summarized as follows: 

Low temperature -*■ vernalized state vemalin h>* florigen. 

More generally, the sequence - )* can be written as follows: 

- * Vemalin- * Florigen-► Flower formation 

Cold requiring plants: Photoperiodic plants: 

only after cold only in inductive 

Others: without cold photoperiods 

Day neutral plants: 
independent of 
daylcngth 


THE NATURE OF THE FLOWERING STIMULUS 
Attempts to Isolate the Flowering Stimulus 

As we have seen, the evidence from the various types of grafting experiment described 
in Chapter 9 strongly suggests that a flowering stimulus arises in the leaves of both SDP 
and Id )P under favourable daylcngth conditions and is transported to the meristems where 
it causes a vegetative apex to change to the flowering condition. Moreover, it would seem 
that the same type of flowering stimulus is produced in both SDP and LDP, as the follow¬ 
ing experiment suggests. Kalanchoe hlossfeldiana is .a SDP, whereas the species of Scdutn 
ellacomhiaumn and S, spectabilc of the same family (Crassulaccae) are LDP. If vegetative 
shoots of Sedum arc taken from plants growing under SD and grafted on to Kalanchoe 
under SD, not only do the stocks of the latter flower, but also the Scdum f which will not 
itself flower under SD (Fig. 10.4). Thus, a stimulus is produced in the SDP Kalanchoe which 
will cause flowering in the LDP Sedum. Conversely, if vegetative shoots of Kalanchoe arc 
taken from plants growing under LD and grafted on to Sedum plants under these condi¬ 
tions, again both stock and scion will flower. Thus, the LDP Sedum produces a flowering 
stimulus under LD which is capable of causing the SDP Kalanchoe to flower. These experi¬ 
ments suggest that the flowering stimulus is identical in both SDP and LDP. 

A range of experimental results of the type described are consistent with the hypothesis 
that a specific flower hormone arises in the leaves under inductive daylength conditions, 
and is transmissible by grafting. As we have seen, grafting experiments with species having 
a chilling requirement have also given evidence of a transmissible flowering stimulus. 

Although the circumstantial evidence tor the existence of flower hormones is very 


t From Lang, 1965(see Further Reading). 
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Fig. 10.4. Transmission of flowering stimulus from short-day plant, Kalanchoe ktosafcldunut, to 
long-day plant, Scdum spectabile, by grafting. A scion from a vegetative plant of Sedum growing 
under short days was grafted on to a flowering plant of Kalanchoe, also under short days. The 
scion of Src/nm, as well as the Kalanchoe stock, has flowered under these conditions. (Original 
by I. D. J. Phillips from plant supplied byj. Hillman.) 


strong, repeated attempts to extract a specific flower hormone from SDP over the past 
30 years have nearly always given negative results. There have been certain claims that 
extracts of Xantkium plants can promote flowering, but this claim has not always been 
repeatable by other workers. On the other hand, flower-promoting, gibbcrcllin-likc 
substances have been extracted from LDP (p. 239). 

This failure to isolate the flower hormone from SDP is baffling, but there arc several 
possible explanations, the three most likely ones being as follows: 

(1) The hypothetical hormone may be present in extremely low concentrations, or it 
may be very unstable, so that existing methods of extraction and detection are not 
sufficiently sensitive. 
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(2) Since the naturally occurring growth hormones arc relatively simple compounds, it 
has generally been assumed that the hypothetical flower hormone will also prove to 
be a fairly simple substance. There is no reason, however, to exclude the possibility 
that the flower hormone has a complex, unstable molecule, such as protein or nucleic 
acid. The fact that the stimulus can be transmitted by grafting, bur cannot be extrac¬ 
ted, is consistent with this hypothesis, since special techniques would be required to 
isolate it. The same difficulties of extraction arc encountered with certain plant viruses. 
Attempts to detect differences between the proteins of flowering and non-flowering 
plants of Xanthitnn or other species have given no clcarcut results. Studies are now 
being carried out to determine whether there arc qualitative differences in specific 
UN As between flowering and non-flowering plants. 

(3) There may be no specific flower hormone—the induction of flowering may depend 
rather upon quantitative differences in the level of certain well-known substances 
occurring in plant tissues. 

We have already seen that dramatic morphogenetic changes can be induced in tissue 
cultures by varying the relative levels of substances such as auxins and kinins in the culture 
medium (p. 14H). Thus, it is argued, the transition from the vegetative to the flowering 
condition may he controlled by changes in the levels of, for example, certain growth 
hormones such as auxins, gibberellins and kinins, or by the balance between these hor¬ 
mones. We shall now consider briefly this possibility. 


F fleets of Gibberellins and Other Growth Hormones on Flowering 


Although attempts to regulate flowering through application of auxins have almost all 
been unsuccessful (apart from the exceptional case of the pineapple, p. 135) it has been 
found that a number of LDP can be induced to flower under SD by application of GA 3 
(Table 10.1). LDP which respond to GA 3 arc typically species which form a pronounced 
rosette under SD and which show marked internodc elongation (“bolting”) under LD. 
When G A 3 is applied to such species growing under SD there is a very marked stimulation 
of internodc elongation and this process is accompanied by flower initiation. 

Gibberellin is also effective in stimulating flowering the “long-short-day” plants Bryo- 
phylluin crenatunt and B. daigrememtiantim, which normally require to be exposed first to 
LD and then to SD for flower initiation but which will flower under continuous SD if 
treated with GA 3 . Thus, GA 3 substitutes for the LD requirement in these species. 

A number of species which normally require vernalizing before flower-initiation will 
occur can also be induced to flower by external application ofGA 3 (Table 10.1, Fig. 10.5). 
Thus, in these species GA 3 apparently replaces the drilling requirement. However, GA 3 
will apparently not stimulate flowering of unvemalized rye and certain other species, 
although it will stimulate stem elongation in these species. In general, treatment of seeds 
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TABLF 10.t. Species showing flowering under non-inductive conditions in response to applied 
gibberellic and (GA 3 ) 


A. Ijmg-day Plants 

Anagallis arvensis (Pimpernel) 
Ciehorium endivia (Chicory) 
Hyoscyamus niger (Henbane, annual) 
Lactuca sativa (Lettuce) 

Pa paver somtiiferutn (Poppy) 

B. Plants with Chilling Requirement 

Apium graveoteus (Celery) 

Avem sativa (Oat) 

Beta vulgaris (Sugar-beet) 

Beilis perennis (Daisy) 

Brassiea oleracea (Cabbage) 

Daueus carota (Carrot) 


Pohmui hybrids (Petunia) 
RiipAumis cifrt’w.i (Radish) 

bieolor (Coneflower) 
Si/me armeria 
Spinaria oleracea (Spinach) 


Digitalis purpurea (Foxglove) 
Hyoseyamus niger (Henbane, biennial) 
A/dfr/iic/j ineatin (Stock) 

Myosotis alpestns (Forget-me-not) 
Sc/iiii^t) inV^iwrc.! (Golden rod) 


with GA 3 is not effective in stimulating flowering, even in species which respond to seed 
vernalization. 

These observations raise the question of whether the endogenous gibberellins arc not 
the “flower hormone” in LDP and species showing vernalization responses. Thus, it might 
be postulated that in LDP growing under SD the level of endogenous gibberellins is too 
low for flowering, and that the effect of LD is to raise the level of endogenous gibberellins 
to the threshold necessary for flowering. Indeed it has been shown for certain species, 
including spinach and henbane, that there is a marked rise in the levels of endogenous 
gibbcrellin when the plants arc transferred from SI) to LD conditions, Moreover, extracts 
of gibberellins of the LDP Rudbcckia , growing under LD conditions, will induce flowering 
in plants of the same species growing under SD. Similarly, during vernalization of the 
biennial species, hollyhock (Althaea rosea), there is an increase in the levels of a gibbcrellin- 
like substance which will stimulate flowering in Rudbcckia , although it will not stimulate 
flowering in unvernalized hollyhock. 

Although these latter observations suggest that changes in endogenous gibberellins may 
be important in flowering, there is other evidence against the hypothesis that flowering in 
LDP and plants which require vernalization is regulated primarily by gibberellins, includ¬ 
ing the following: 

(1) As wc have seen, there is evidence that the flowering stimulus is identical in both 
LDP and SDP, and s et gibberellins arc quite ineffective in inducing flowering in 
most SDP. 

(2) Not all LDP and species with a chilling requirement can be induced to flower in 
response to applied GA 3 . (However, certain of these latter species can be induced to 
flower when other types of gibbcrellin are applied. For example, GA 4 and G A 7 are 
effective in promoting flowering in Myosotis alpcstris, which does not respond to 
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Fic. 10.5. Effect of vernalization and gibcrrellic acid on flowering of carrot. Left: untreated 
control plant; right: plant chilled for 8 weeks; tenire: plant unchilled but treated with 10 fig 
GA 3 per day. (From A. Lang, Pror. Sat. Acad. Sri., U.S.A. 43 , 709, 1957.) 


GA 3 . Thus, in some species there appear to be rather precise requirements with 
respect to the nature of the gibberellin which will stimulate flowering, and these 
requirements differ between one species and another.) 

(3) Nearly all rosette plants respond to GA 3 by elongation of the internodes, including 
those species which do not flower in response to this treatment. Moreover, in hen¬ 
bane, when flowering is induced by LD treatment, the formation of flower primordia 
precedes the elongation of the inremodes, whereas in response to GA 3 treatment plants 
of this species kept under SD begin to show mtemode elongation before the flower 
primordia appear. Again, stem growth in Siletie artneria can be completely suppressed 
with AMO-1618 while flower formation proceeds normally, thus showing that 
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stem growth and flower formation are independent processes controlled by different 
hormones. Furthermore, the genetic analysis of Silent clearly shows that there arc 
separate genes for stem growth and for flower formation. These tacts suggest that 
intemode elongation and flower initiation are distinct processes and that the primary 
effect of G A 3 is on intemode elongation, with flower-initiation occurring as a secon¬ 
dary effect of stem elongation in certain species. 

(4) Exogenous GA 3 will not stimulate flowering of 'normal” genotypes of red clover 
(Trifolium prate nse), but in certain non-flowering genotypes of this species both LI) 
and GA 3 are necessary for flowering. Thus, in these non-flowering genotypes. GA 3 
does not substitute for LD, suggesting that some other flower-promoting factor is also 
normally involved in this species. 

Thus, although there is good evidence that changes in the levels of endogenous gilv 
bcrellins may play an important role in the flowering responses of LDP, it would seem that 
this is not the whole story in LDP and certainly the response's of SI )P cannot he accounted 
for solely in these terms. 

In addition to the stimulation of flowering by gibbercHim, a number of other growth- 
regulating substances, both natural and unnatural, have been found to promote flowering in 
some species under certain conditions. Thus, flowering can be induced in pineapples not 
only by synthetic auxins (p. 135) but also by ethylene. Under certain condition* kmetin 
and adenine will promote flowering in Perilla and zcatin does so in the aquatic plant IVoljjia 
microscopica. Similarly, the naturally occurring growth inhibitor, ahscisic acid (p. 67) 
promotes flowering in Pharbitis, Fragaria and Ribes, while the synthetic growth retardants 
CCC and B.9 promote flowering in a number of species, including apple and pear trees. A 
number ot other substances, including tri-iodobenzoic acid, maleic hydrazide, vitamin E 
and even sugars, have been reported to promote flowering in a few species. 

Nevertheless, in the majority of SDP and in some LDP, flowering cannot be induced 
by any combination of the known naturally occurring hormones. Hence wc cannot at 
present account for the flowering behaviour of the majority of species in terms of inter¬ 
action between known growth hormones. 

The conclusion that flowering behaviour cannot be accounted for in terms of the known 
growth hormones, and yet all attempts to extract a specific flower hormone have been 
unsuccessful, may indicate that we have adopted an oversimplified approach to the prob¬ 
lem, in assuming that flowering is controlled by a single, specific hormone. The isolation 
and identification of the flowering stimulus remains one of the most challenging problems 
in developmental plant physiology. 

SEX EXPRESSION AND GROWTH HOKMONES 

There is some evidence that growth hormones may be involved in the determination of 
sex in some plants. This has come from studies of dioecious species (male and female flowers 
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(in separate plants) such as hcinp (Cannabis sativa), and of those monoecious species in 
which the male and female organs, stamens and ovaries arc home in separate flowers on 
the same plant (c.g., some varieties of cucumber ( Cucumis sativns)). Treatment of genetically 
male plants of hemp with an auxin spray causes female flowers to be produced. In mono¬ 
ecious cucumber varieties, it is normally the case that male flowers develop during the 
earlier stages of growth and that female flowers form only later oil. However, application 
of an auxin to the leaves of young cucumber plants results in an acceleration of the transi¬ 
tion from production of male flowers to production of female flowers. It has been sug¬ 
gested, therefore, that female flowers or female parts of flowers tend to differentiate under 
conditions of higher auxin concentration than do male flowers or parts. This conclusion is 
supported by the finding that genetically determined forms of cucumber which bear only 
male flowers contain lower levels of endogenous auxin than the normal hermaphrodite 
forms. Fcmaleness in cucumber is also enhanced by treatment with ethylene, or cthrcl (a 
commercial preparation of 2-chlorocthanc-phosphonic acid, which is converted to 
ethylene in plant tissues, p. 138). 

(iibbcrclliii treatment of monoecious cucumber. plants, in contrast to auxin treatment, 
increases the number of male flowers formed. Treatment of gynoecious cucumber (i.c. a 
dioecious variety which normally produces only female flowers) with gibbcrcllin results in 
the formation of male as well as female flowers. Moreover, endogenous gibbcrcllin levels 
arc lower in the gynoecious types than in the normal hermaphrodite forms. It is possible, 
therefore, that sex expression in plants is effected by a balance between endogenous auxins 
and gibberellins. The effect of auxin on flower sexuality may involve the participation of 
ethylene (see p. 05). 


CHANGES OCCURRING IN THE SHOOT APEX DURING 
FLOWER INITIATION 

We have seen that the transition from die vegetative to the reproductive condition 
involves drastic changes in the structure of the shoot apical mcristems (p. 44). The earliest 
steps in this transition have been studied in a number of SDP and LDP. Indeed, SDPs such 
as Xanthium or Chenopodium, and LDPs such as Lolium temukntutn, in which flowering may 
be induced by exposure to a single inductive cycle, provide very favourable material for 
studying the transition, since the timing of the latter can be rigorously controlled to within 
a few hours. Studies on Xanthium have revealed that the earliest changes leading to flower 
initiation can be first detected about 4 days after exposure to a single SD cycle, but when 
the plants are exposed to two SD cycles changes can already be detected at the end of this 
treatment. As we have seen (p. 44), the first changes occur in the region between the central 
mother cells and the rib in cr is tern, and involve cell division in this region. A stage is soon 
reached in which a “mantle” of small, densely staining and actively dividing cells overlies 
a central core of more vacuolated cells (Fig. 2.18). 
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It is clear that when a plant changes from the vegetative to the flowering phase many 
genes must be brought into action, including those which control flower and fruit develop¬ 
ment. Thus, we must postulate some mechanism which regulates the “switching on" of 
the flowering genes. We know very little concerning the nature of such gene-switching 
mechanisms in higher plants, but this subject is discussed further in Chapter 13. Since genes, 
i.c. DNA, control development by the synthesis of specific enzymes, through a process 
involving various types of RNA, it is evident that nucleic acid metabolism is likely to 
be very intimately involved in the events occurring at the shoot apex during flower 
initiation. The flowering stimulus, formed in the leaves of photoperiodic plants, must, 
therefore, act as the shoot apex by affecting the gene-switching processes and thus involve 
nucleic acid metabolism. 

Nucleic acid changes occurring at the shoot apex during flower initiation have been 
studied in two ways: (l) by following the incorporation of radioactive precursors into 
RNA, and (2) by the use of inhibitors of RNA synthesis. 

In the LDP, Lohum tcmulcntum, there is marked incorporation of radioactive precursors 
into RNA (thus indicating active RNA synthesis) at the shoot apices on the morning of the 
day following a single LD cycle, which is precisely the time at which the flowering stimulus 
is estimated to arrive at the apex. These changes in RNA and protein synthesis arc most 
prominent in the cells on the flanks of the meristem which are destined to give rise 
to the spikelets (Fig. 10.6). Similarly, in the LDP, Sinapis alba (mustard), which will also 
flower in response to a single LD cycle, there is a marked increase in RNA synthesis in 
the central and peripheral zones of the apical meristem at about 17 hours following the 
beginning of the LD cycle. Later, active DNA synthesis occurs, and this is followed by 
mitosis. 

The need for RNA and. DNA synthesis has also been studied by using antimctabolitcs, 
such as 2-thiouracil (2TU), which inhibits RNA synthesis, and 3-fluorodcoxyuridinc 
(5FDU) which inhibits DNA synthesis. Thus, application of 2TU to the shoot apex of 
5»wpis alba is most inhibitory to flowering when applied during the twelfth to twentieth 
hours after the beginning of a single LD cycle, suggesting that RNA synthesis during this 
period is an essential requirement for flower initiation at the shoot apex. Comparable 
results have been obtained with the SDP, Xanthium and Pharbuis. By studying the effects of 
5FDU, it also appears that DNA synthesis is essential for flower initiation in these two 
latter species. However, in Pharbitis, 5FDU is effective in inhibiting flower initiation even 
if applied 24 hours after the end of an inductive dark period (i.c. after the arrival of 
the flower hormone), suggesting that it may inhibit the later formation of flower primor- 
dia, rather than the processes initiated by the flowering stimulus on its arrival at the shoot 
apex. 

The results of these studies are fully consistent with the view that the initial events 
associated with the arrival of the flowering stimulus at the shoot apex involve 
marked changes in the nucleic acid metabolism, which might be expected if there is a 
“reprogramming” of gene activity during the change from vegetative to reproductive 
development. 
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NUTRITION AND FLOWERING 

Farmers and gardeners have long known that Fertilizers and manures have a marked effect 
on the balance between vegetative and reproductive growth. Indeed, for many practical 
purposes there seems to be an antagonism between vegetative growth and reproduction, 
and manurial treatment which favour strong vegetative growth may be unfavourable for 
flowering and fruiting. Experimental studies give some support for this view. Thus, it is 
found that low levels of nitrogen tend to result in earlier flowering in certain long-day 
plants. It has been shown that high nitrogen and carbohydrate nutrition delay flower 
initiation in pea (Piston sativum). However, the number of cases in which a clear effect of 
mineral nutrition on the onset of flowering has been demonstrated is rather small. Mineral 
nutrition appears to have an important effect on flower initiation in fruit trees, high levels 
of nitrogen tending to promote vegetative growth and reduce flowering. 


FLOWERING IN “NEUTRAL" SPECIES 

In a large number of species the onset of flowering is a daylcngth or chilling response, and 
the discovery of photoperiodism and vernalization represents a very real advance in our 
understanding of the physiology of flowering. However, it must be remembered that in 
many other species, probably equally numerous, flowering is not greatly affected by day- 
length or winter-chilling (Table 10.2). This is the group referred to earlier (p. 199) in 
which flowering is relatively insensitive to external conditions, and although in these 
species the length of the vegetative phase may be modified by environmental conditions, 
tlie effects of the latter are not completely overriding. However, such species, which will he 
referred to as “neutral” species, are not sharply distinguished from those showing ^quan¬ 
titative” response to daylcngth, which have been referred to as “facultative” LDP or 
SDP (p. 202). 

TABLE 10.2. Some examples of species showing “neutral” flowering responses 


Cuctmis sativus (Cucumber) 

Pagopynim tataricum (Buckwheat) 
Fueh&itt hybrid) (Fuchsia) 

Helumthus awHfw (some varieties) 

Loth yr us odorotus (Sw eet pea) 
Lytopcrsuum csailatlmu (Tomato) 
Nkotnuui tahamni (Tobacco, certain va 


Phasvolus I'Mfciim (Dwarf bean) 
Pm (Jh/hm (annual meadow grass) 
Rosa spp. (Rose) 

Snicfio 1 'iil^rt.c (Groundsel) 
So/<inwn tuberosum (Potato) 

I’jfM /iilw (Broad bean) 


In these neutral species, flowering appears to be determined primarily by some internal 
mechanism, since even when grown under constant environmental conditions a species 
such as sunflower will grow vegetatively for a certain period and then become reproduc¬ 
tive; thus the transition cannot be caused by any change in external conditions and must be 
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Frc;. 10.6. Autoradiographs of vegetative and induced shoot apices of Ldium temntrutum, 
labelled with • ;H- orotic acid. A. Axillary bud site(Ax) and leaf primordium (I) in a vegetative 
(short-day) apex. 11. Axillary bud site ol plant which has been exposed to long day, in which 
there has been active incorporation of orotic add (as shown by the density of silver grains), 
indicating active nucleic acid metabolism. (From K. 11. Knox and 1 . T. F.vans, Amtr.J. Hid. Set. 
21, 10H3, 1%H.) 


regulated by sonic ‘‘internal” mccliamsm. Moreover, it would appear that the transition 
from the vegetative to the flowering condition in such species is hut one manifestation of a 
more general phenomenon, since progressive changes during development are very 
common, as shown by the development ol morphological diflerences in successive organs 
such as leaves. It is commonly found that there arc changes in the size and shape < if successive 
leaves, the seedling or primary leaves being smaller than the later ones, and in spec ies with 
deeply indented or compound mature leaves the primary leaves are usually much simpler 
in form (Fig. 10.7) with a progressive series of later formed leaves showing increasing 
segmentation. Plants showing such changes are said to exhibit hcfcroblaslic development. 
These changes may be affected by environmental factors, such as light intensity and mineral 
nutrition, but they arc not dependent on environmental changes and will occur even under 
constant conditions. 

The changes in leaf shape appear to reflect progressive changes in the size and shape of 
the shoot apex. For example, in the sunflower plant the diameter ol the suls-apical region 
increases progressivelv as the plant grows and ultimately these changes are terminated by 
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he,. 10.7, 1 leterobl.istir development, as shown by successive leaves of (a) Delphinium ajaris , 

(b) Morning glory (Ipoutora hvderaeva), (c) sugar beet (Beta (From E, Ashby, Sew 

Phytohfiist, 47, 153, 193H.) 

the formation of an inflorescence. It seems likely that the changes in leaf shape result from 
these changes in the shoot apex, leaf primordia produced on a larger apex apparently being 
capable of continuing their development for a longer period and lienee producing a more 
mature leaf form. 

This heteroblastic development appears to be an indication of the progress of the plant 
towards maturity and the attainment of the reproductive condition. For example, early 
flowering varieties ot the cotton plant (Gossypiwu) show a steep gradient in leaf shape 
changes, whereas in later-flowering types the rate of change in leaf shape is less steep. 

Evidence of progressive changes towards the flowering condition has come from experi¬ 
ments in which internode segments of tobacco were taken and grown in sterile culture. 
These segments produced callus and regenerated buds. Intcmodc segments from young 
plants or from the lower region of the stem of older plants produced vegetative buds, 
whereas stem segments from the upper part ot a flowering plant produced flower buds, 
with few leaves or bracts. Segments taken from an intermediate region of the stem first 
produced leaves and bracts and then a flower. Thus, there appeared to be a gradient in the 
propensity to produce flowers, from the lower to the upper part ot the plant. 

The nature and causes of the changes occurring in the shoot apex during development 
are completely unkown bur there would appear to be at least three general possibilities: 

(1) There is some inherent pattern of behaviour of the apex, which will pursue its 
appointed course, independently of the differentiated portions of the plant. 

(2) The behaviour iff’ the apex is affected and determined by influences arising in the 
mature parts of the plant, e.g., it might depend upon the attainment of a certain 
minimum leaf area. 

(3) The behaviour ol the apex may be dependent upon the gradual accumulation of 
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certain metabolites which must attain a certain threshold concentration before 
flowering will occur. 

At present, there is no incontrovertible evidence to enable us to decide which of these 
hypotheses is correct. Attempts have been made to obtain evidence on this problem in 
experiments with sunflower, in which seedlings tips were grafted on to stocks of various 
ages and tips from older plants were grafted on to seedlings. In the first type of graft it was 
found that seedling tips formed fewer nodes than they would have done on their parent 
plants. On the other hand, grafts of tips from older plants on to seedlings formed a greater 
number of nodes than they would have on the parent plants. These results would seem to 
indicate that the behaviour of the apex is determined by influences from the mature parts 
of the plant. 

[t will bo remembered that among plants which are sensitive to daylength or chilling, 
there arc some species which will not respond until they have reached a certain minimum 
size (“ripeness-to-flower”), and before they have reached this stage seedling plants may he 
described as in a “juvenile phase”. This phenomenon would seem to correspond to the 
necessity for neutral species to reach a certain size before flowering. Indeed, photoperiodic 
and vernalizablc species will behave like neutral species ii they are maintained from germi¬ 
nation under constant conditions favourable to flowering, in that they will undergo a 
certain period of vegetative growth and then commence to initiate flowers. Thus, it would 
appear that the physiology of flowering is not qualitatively different in the “sensitive” and 
“neutral” groups of plant, but rather that they differ in degree of sensitiveness to external 
conditions. 

It we arc correct in assuming that the difference between the flowering responses of 
“sensitive” and “neutral” species is primarily one of degree, then it might be assumed that 
a flower hormone is involved in neutral as well as in sensitive species, but there is little 
evidence as yet for the occurrence of flower hormones in neutral species. 

THE DIVERSITY OF FLOWER-CONTROLLING FACTORS 

As we have now seen, flowering is affected and controlled, in various species, by a range 
of factors, some of which are external to the plant, such as daylength, temperature and 
nutrition, and others which arise within the plant itself, as seen in day-neutral species. There 
is a bewildering mass of facts on the effects of these various factors and it is diflicult to see 
how these parts of the “jigsaw puzzle” fit together to give an overall, unified picture. It 
might be asked whether the fact that quite different environmental factors may control 
flowering implies a different control mechanism for cacli factor, in attempting to answer 
this question it is useful to approach the problem from a different viewpoint and to ask not, 
what makes a plant flower under a given set of conditions, but rather, why they fail to 
flower under a different set of conditions. Thus, flowering may be prevented by a number 
of different factors in various species, although the flower-promoting processes might be 
the same in these species. 
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For example, in apple trees, flower initiation is rather sensitive to mineral nutrition, but 
not to photoperiod. We do not need to postulate that flower hormone synthesis depends 
upon low nitrogen levels—it may well be the case that the “flower hormone” is always 
present in apple shoots, but that under conditions of high nitrogen nutrition there are high 
levels of, for example, endogenous gibberellins, which arc known to inhibit flowering in 
this plant. On the other hand, in Xanthium it would appear that synthesis of the flower 
hormone is blocked under long days. In plants requiring vernalization, yet another step 
in the flowering processes may he blocked in unchilled plants. From this viewpoint, under 
favourable conditions the flowering processes may be blocked in different ways and at 
different steps in plants of various response types. Similarly, as we have seen, flowering 
may be blocked by different factors in the same plant at different stages of its life cycle. 
In the seedling stages flowering may be prevented because the plant is still in a juvenile 
phase and is not yet capable of responding to favourable environmental conditions. Hut 
even when it has attained ripeness to flower, it may be prevented from flowering by un¬ 
favourable environmental conditions. 

It is not difficult to envisage that in some cases flowering does not occur because the 
stimulus is not being synthesized in the leaves, while in other cases the limiting step may be 
the inability of the shoot apices to respond to the stimulus, possibly because of inappropriate 
levels of gibberellins. 


PLO WLKING IN WOODY PLANTS 

So tar, our consideration of the physiology of flowering has been restricted to herbaceous 
plants. Flowering in woody plants presents a number of characteristic features which will 
be briefly described. 

The first important feature to note is that there is considerable variation between species 
in the length of time elapsing betw een flower initiation and complete development of the 
flower. In some species, such as sweet chestnut and manv other late-summer-flowering 
trees and shrubs, such as Buddlcia, fuchsia, Hyper hunt, Hibiscus syriaats, Caryopteris, etc., 
the flowers are formed on the current year’s shoots and flower initiation is followed imme¬ 
diately by the further full development of the flower, as in herbaceous species, i.c. there is 
no gap between the early and later stages of flower development. In many other woody 
plants, however, especially temperate species, flower initiation occurs during the summer 
within resting buds formed earlier in the same year, but the development of the flower parts 
becomes arrested at an early stage and the further development and emergence of the 
flower does not occur until the following spring. This is the situation in a large number of 
common European woody plants, e.g. oak (Quernis), ash (Fraximis), sycamore (Acer), elm 
(U/nms), pine (Pj/ms), apple, plum, peach, black currants, gooseberries, etc. In sucli species 
the buds containing flower primordia become dormant in the late summer or autumn and 
require a period of exposure to chilling temperatures to break the dormancy (p. 259). Once 
the dormancy has been broken by winter chilling they become capable of emerging as the 
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temperatures rise in the spring. In some winter- or early spring-dowering trees and shrubs 
the buds containing flowers are able to grow at lower temperatures than the vegetative 
buds, so that the flowers may actually emerge before the leaves, e.g. hazel (Cory/iw), 
willow (Salix), jasmine (Jiwninium nudijiorum), almond (/Yiiniu persiea ), elm. ash, oak. etc. 

We have very little information regarding the effect of environmental factors oil flower 
initiation in woody plants. This is mainly due to the technical difficulties in experimenting 
with mature trees. It is not possible to work with seedling trees since these are still in the 
juvenile phase and arc not capable ot flowering (p. 250). However, it is possible to studv the 
effects of environmental conditions on flowering of trees by taking scions from mature 
trees and grafting them on to seedling stocks. In this way it is possible to obtain small trees 
which are potentially capable ot flowering. In a few woody plants, flower initiation appears 
to be controlled by daylength conditions. Thus, long days are necessary for flower initiation 
in birch (Betula), Erica and Caliuna. On the other hand, short days promote flower initiation 
in coffee (Coffi'n arabica), black currant (Ribes nigrum), Foiusenia and H/bistUv. flower initia¬ 
tion in other woody plants, e.g., pine, larch, beech, apples, cherries, plums, appears to be 
unaffected by pboroperiodic conditions, which, nevertheless, have a profound effect on 
vegetative growth of some of these species (p. 257). 

In general, vernalization does not appear to play an important role in flower initiation in 
woody plants, with a possible exception of the olive tree (O/oi curopaca)^ which apparently 
initiates flowers in response to cool temperatures in the winter. 

On the other hand, there is no doubt that temperature, rainfall and soil nutrients may 
have a profound effect on the flowering of many woody plants. Ir is well known that a hot, 
sunny summer is frequently followed by abundant flowering of many tree species in the 
following spring, and the flowering of beech has been shown to be particularly affected in 
this way. Evidently high temperatures and possibly high light intensity (and lienee the 
formation of abundant carbohydrate reserves) favour flower initiation in many tree 
species. The effect of mineral nutrition on flower initiation in fruit trees was mentioned 
earlier (p. 244). 

A number of instances have been reported in which flower initiation in woody plants 
has been influenced by gibbcrcllins and by synthetic growth retardants. Thus, “flowering” 
lias been stimulated by gibberellic acid in a number of conifers, including Cupressus t 
Chamaccyparis, Jtmiperus and Thuja, By contrast, gibberellic acid inhibits flowering in 
apple, pear, black currant, grape (Vitis cimijera), Syringa, Fuchsia, and a number of other 
woody plants. On the other hand, growth retardants such as “CCC” (chlorocholine 
chloride) and “Phosfon D”, which apparently inhibit gibbcrcllin biosynthesis in plant 
tissues promote flowering in apples, pears and azaleas {Rhododendron spp.). 


PHASE CHANGE IN WOODY PLANTS 

We have seen that in “day-neutral” annual species the onset of flowering is apparently 
regulated by some endogenous mechanism, the nature of which is unknown, but that the 
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effect of this regulatory mechanism is that the plant docs not flower until it has attained a 
certain size. This “size effect” is seen also in species showing daylength or chilling responses, 
so that there is a juvenile phase during which flowering cannot be induced. An apparently 
analogous phenomenon is seen in woody plants, the seedlings of which normally show a 
juvenile phase during which they make active growtii but remain vegetative. The transition 
to the flowering condition occurs only after a delay which varies greatly from species to 
species, ranging from 1 year in certain shrubs to 30-40 years in forest trees such as beech 
('['able 10.3). Once a given tree commences flowering, it normally continues to do so every 
year, although, as we have already seen (p. 249), in species such as beech, flowering is sensi¬ 
tive to weather conditions and may occur irregularly. Thus, on the basis of the flowering 
behaviour we may distinguish between a. juvenile and an adult (or mature) phase in the life 
history of the tree. 


TABLE 10.3. Duration of juvenile period in forest trees 


Pirns sylvestris (Scots pine) 

years 

5-10 

Larix decidua (European larch) 

10-15 

Psardotsuga laxifoiia (Douglas fir) 

15-20 

Pice a abics (Norway spruce) 

20-25 

Abies alba (Silver fir) 

25-30 

Iktula pubescent (Birch) 

5-10 

Praximus excelsior (Ash) 

15-20 

Acer pseudoplatanus (Sycamore, Maple) 

15-20 

QiJOTitf robur (English oak) 

25-30 

1'iigus syh'dticii (Beech) 

30-40 


Differences between juvenile and adult stages are seen not only in flowering behaviour 
but also in various vegetative characters. Tims, in certain species, such as ivy (Hedera helix), 
mulberry (Mortis), Acacia , Eucalyptus and juniper, the leaf shape in the juvenile phase is 
very different from that of the adult stage. In oak and beech there is a marked tendency for 
the dead leaves to be retained on the shoots ot juvenile trees during the winter, whereas in 
the adult stages they are shed normally. In some species the juvenile and adult stages are 
distinguished by marked differences in phyllotaxis, as in ivy (sec below). Another morpho¬ 
logical character which changes during ontogenv is the development of thorns—for 
example, in lemon trees the juvenile stages are commonly more thorny than the adult. 

Among the physiological differences observed between juvenile and adult stages is the 
rooting ability ot cuttings; it is very commonly found that whereas cuttings from young 
trees root readily, after the parent trees attains a certain age this rooting ability is greatly 
diminished or entirely lost. 

An interesting feature of these phase differences is that the lower parts of the tree retain 
the juvenile stage after the upper parts have developed adult characters. This can be seen 
very well ill ivy, where the lower regions of an erect-growing vine show the palmate 
type of leaf and are purely vegetative, whereas the upper parts show ovate leaves and 
normally produce abundant flowering shoots. 
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Not only is there apparent stability ot the juvenile and adult phases in the same plant 
body, but cuttings taken from different regions and rooted retain their juvenile or adult 
characters for a long period. This is well known in ivy, for example, where cuttings taken 
from the juvenile part of the vine had palmate leaves with opposite phvlloraxis, the shoots 
are trailing and are coloured with anthocyamn and produce abundant adventitious roots, 
but do not flower; cuttings of adult shoots, on the other hand, produce plants with ovate 
leaves, spiral phyllotaxis, and the shoots are erect, green and produce few, if any, adven¬ 
titious roots, but flower readily (Fig. 10.8). Cuttings troin adult ivy shoots may grow tor 
man v years and produce shrubs known to gardeners as “tree ivy**. 



Fic. 10.8. Cuttings taken from adult part of parent vine of ivy (Hcdera helix). These cuttings 
will continue to retain for several years the “adult” characters, such as leaf shape, phyllotaxis, 
and the capacity to flower, although high temperatures favour reversion to the juvenile condi¬ 
tion. (Print supplied by Dr. L. W. Robinson.) 
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A similar retention of juvenile and adult characters is seen in grafting experiments. Thus 
scions from flowering regions of mature trees continue to flower when grafted on to quite 
small seedling stocks. This is a common observation in forest tree breeding and is known for 
species such as birch, larch and pine. Likewise, scions from mature fruit trees grafted on to 
suitable root stocks flower readily, whereas scions from young seedlings treated in the same 
way show delayed flowering. 

The phenomenon ofphase change, involving stable, non-gcnctic changes which can be 
transmitted through many cell-generations, shows certain interesting parallels with the 
changes occurring during vernalization. This subject will be discussed further in Chapter 13. 
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CHAPTER 11 


Dormancy 


Outside the equatorial regions there are seasonal variations in climatic conditions, which 
are most notable in the temperate zones. These variations arc especially marked with respect 
to light intensity, day length, temperature and frequently also to rainfall. As a result there is 
a regular alternation of seasons favourable and unfavourable for growth and this alterna¬ 
tion lias had a marked effect on the pattern of the life cycles evolved hy the higher plants. 
The necessity to withstand low temperatures during the winter and, in some regions, hot 
dry conditions during the summer, poses special problems for the plant, and we now have 
to consider some of the ways in which these problems have been met. 


THE BIOLOGICAL SIGNIFICANCE OF DORMANCY 

Plant cells normally contain a large amount of water which is liable to freeze at low 
temperatures, with grave risk of damage to the protoplasm. 7 ropical plants are very easily 
killed by freezing, but it is evident that plants of temperate and arctic regions must have 
become adapted to survive the period of winter frost—they have developed cold-resistaiife. 
Although cold-resistancc has been studied for many years, our understanding of its bio¬ 
chemical basis is still far from complete, and a discussion of this subject here would take us 
too far afield. 

In many cold-rcsistant species the general morphological appearance of the plant during 
winter is not essentially different from that m the summer---the growth rate of the plant 
is reduced or arrested during the winter, but the growing points of the shoots are still in a 
potentially active condition, and may make some growth during mild periods, as in many 
biennial plants. In such species the whole plant, including the apical mcristcim, is relatively 
cold-resistant, Other species, of course, show distinct differences between their summer 
and winter states. Thus, in woody plants the shoot apices cease active growth and become 
enclosed in bud scales, to form winter-resting buds. They are then said to have become 
dormant. Many woody plants arc much more cold-resistant in rhe dormant than in the 
actively growing condition. Thus, seedlings of forest trees, such as larch (luirix) and Robinia, 
which continue growing late into the autumn, are very liable to be damaged by early 
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frosts, but if they have ceased growth and their growing points have entered the dormant 
condition, they then remain cold-resistant throughout the winter. 

The reason why dormant buds should be more cold-resistant than actively growing 
tissues is not fully understood. However, it is fairly clear that the cold-resistance of dormant 
tissue is due to certain protoplasmic characters, and that it is not primarily due to the 
presence of the bud scales, the protective function of which is probably concerned with 
the reduction of water loss—one of the secondary effects of winter cold is to increase the 
difficulties of the plant in maintaining an adequate water balance. Under frosty conditions, 
especially when accompanied by wind, the plant continues to lose water, but is unable to 
take up replacement supplies if the soil is frozen. There is thus a considerable danger of 
damage from drought under winter conditions, but water loss is reduced by the enclosure of 
the growing parts within a covering of bud scales, and also, in deciduous trees, by the falling 
of leaves in autumn which reduces the total surface area over which evaporation can occur. 

The danger of winter drought and low temperature seems to have influenced not only 
the evolution of woody plants, but has apparently had a profound effect on the form of 
many other types of plant. Many plants over-winter entirely below ground, as bulbs, conns 
and rhizomes; although such organs will be partly insulated against frost, they will also be 
protected against drying when the soil does become frozen to some depth, borne dormant 
organs, such as bulbs, are probably adaptations to hot, dry summer conditions, such as are 
found in the Mediterranean region. 

Whereas perennial plants have developed special organs which resist the unfavourable 
conditions of winter, annual plants have pursued yet another course—they frequently 
over-winter in the form of seeds. The seeds of many annual plants, particularly of the 
common weeds of arable land, germinate almost immediately they are shed, if conditions 
of temperature and moisture are favourable. I Jut the seed ot many other plants does not 
germinate immediately (or only a proportion of the seeds do so) and remains in the soil until 
conditions become favourable for germination in the following spring. Now seeds are 
generally very much more cold-resistant than the growing plant ot the same species. Dry 
seeds may resist freezing down to as low as -234 C. Some seeds, such as those ot Legumi- 
nosac (clover (7rj/i*/mw), broom (Cyftsiw), Laburnum, etc.) do not, in tact, take up water 
immediately they are shed, due to the fact that they have a coat which is impermeable to 
water, and such seeds will be capable ot withstanding very severe frost. 

The majority of seeds imbibe water as soon as they fall on to moist soil, but, as already 
stated, they do not necessarily germinate immediately. Such imbibed seeds arc less cold- 
resistant than in the dry state, but nevertheless many of them still retain a considerable 
degree of cold-resistance, and apparently certain annual species which are frost-tender in 
the actively growing state are able to survive the winter in the form ot seed. 


FORMS OF DORMANCY 

Dormancy may be defined as a state in which growth is temporarily suspended. In some 
species the cessation of growth is directly due to unfavourable temperature and light con- 
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dirions; thus many pasture grasses remain in continuous growth throughout a mild winter 
and cease growth only when temperatures fall to about (T-5'C. Similarly, certain annual 
weeds, such as groundsel (Senedo vulgaris), chick weed (Griisfiiwi spp.) and Shepherd’s 
purse (Capsella bursa-pas tor is), stop growing only during the coldest part of the winter. In 
such cases the dormancy of plants is evidently caused by the unfavourable external condi¬ 
tions, and in this case we speak of imposed or enforced dormancy. 

However, in many cases the unfavourable conditions are not directly the cause ot dor¬ 
mancy. Thus, many trees form winter-resting buds during the summer and autumn, when 
temperatures and light conditions are still favourable, and long in advance of the onset of 
winter. In such woody plants the cause of dormancy appears to lie within the tissues ot the 
buds themselves, and wc then speak of innate or spontaneous dormancy. This torm ot dor¬ 
mancy also occurs in many seeds. Thus, if freshly harvested barley grains are planted under 
warm, moist conditions, a high percentage ot them will tail to germinate. It, however, the 
barley is stored drv for a few months, the seed will then be found to germinate readily 
when planted under the same conditions as previously. Thus, the failure ol freshly harvested 
barlcv grains to germinate is not due to external conditions being unfavourable for growth, 
but must be due to some cause within the seed itself. 

Innate or spontaneous dormancy is found not only in buds and seeds, but in other types 
of resting organs such as rhizomes, conns and tubers. 


DUD DORMANCY IN WOODY PLANTS 

The majority of temperate woody plants, including both coniferous and dicotyledonous 
species, show a wcll-niarkcd dormancy or resting phase during the annual growth cycle 
and this is usually accompanied by the development of resting buds. The typical resting 
bud involves the “telescoping” of the bud scales and leal primordia in the apical region, due 
to the arrest of normal intemode extension. In some genera (c.g., Betula, Fagus, Qmcus) 
having stipules, this telescoping of the shoot apical region leads to the formation of a resting 
bud, since the overlapping stipules in this region form the bud scales. In other species the 
protective scales represent leaves, which may be only slightly modified, as in V tbtmtum 
spp., or more highly modified, so that they frequently represent only the leaf base, as in 
Acer, Fraxinus, Mains and Riba (Fig. 11.1). During the development of such buds, certain 
leaf primordia show greater marginal growth than occurs during normal leaf develop¬ 
ment, whereas lamina development is suppressed, and these primordia give rise to the bud 
scales. The younger leaf primordia, formed within the bud scales, arc arrested at an early 
stage in their development, and give rise to normal leaves when the buds resume growth in 
the following spring. In some species, such as pines, growth of a bud may continue for several 
months from June to September. In some trees a terminal bud is not formed, since growth 
of the shoot is terminated by the death and abscission of the apical region, and growth is 
later continued from the uppermost axillary bud. Such species (which include Tilia , Ltmus, 
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L. I. Scott, An Introduction to Kotatty, 3rd cd.. Longmans, Green & Co.. London, l l J55.) 

Castanea, Robinia and Ailanfliu s) are said to show a sympodial (ns opposed to a monopodial) 
growth habit. 

When terminal buds are first formed they can frequently be induced to resume growth 
by various treatments including defoliation, either by hand or by insect attack. It would 
appear, therefore, that at this stage the terminal buds are not themselves innately dormant, 
but their growth is apparently inhibited by the mature leaves on the shoot. Similarly, lateral 
buds may be inhibited by the leaves, or bv the main apical region in actively growing 
shoots, and are thus held in check by correlative inhibition (p. 130) rather than by innate 
dormancy. This phase of bud development is referred to as summer dormancy or predormancy. 
Later, in many species, the buds are found to have entered a state referred to as true dor¬ 
mancy, winter dormancy or rest. When they have entered this condition the buds will no 
longer resume growth if the shoots are defoliated, so that they are now innately dormant 
and not simply held in check by environmental conditions or inhibitory influences within 
the plant itself, as is the case during predormancy. 

After a certain period of true dormancy the buds become capable, in the later part of the 
winter or early spring, of resuming growth when external conditions, particularly tem¬ 
perature, are favourable for growth. Thus, at this stage the buds are no longer innately 
dormant, but nevertheless for some time they may fail to grow because of low outdoor 
temperatures. This phase is referred to as post-dormancy. We shall now consider some of the 
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environmental factors controlling the development and breaking of dormancy in temper¬ 
ate woody plants, ot which daylength and temperature are the most important. 


The Development oj Bud Dormancy 

One of the most important factors affecting and controlling the induction of dormancy 
in woody plants is daylength. In the majority ot species so far studied, long days promote 
vegetative growth and short days bring about the cessation of extension growth and the 
formation of resting buds in seedlings ot woody plants (Fig. 11,2). I lowevcr, a number ot 
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Fig. 11.2. Photopcriodic control ufbud dormancy in seedlings of birch (Hetulapuhestrm). Plants 
Transferred to short days (left) have ceased growth and formed resting buds, whereas seedlings 
maintained under long days will continue to grow actively for many months. 
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common cultivated fruit trees (Pyrus, Malus , Prumis) and certain other species, including the 
family Olcaceac, appear to be relatively insensitive to daylength changes. 

The seedlings of some species, c.g. black locust (Robina pseudacacia), birch (Betula 
pubexens) and larch (Larix decidua), can be maintained in continuous growth for at least 
18 months under LI) conditions in a warm greenhouse, whereas under SD they cease 
growtli within 10-14 days. On the other hand, other species, such as sycamore (Acer pseudo-’ 
plafanus), horse chestnut (Aesculus hippocastanum) and sweet gum ( Liqnidambar styracijlua), 
show delayed dormancy under LD, but they cannot be maintained in growth indefinitely 
under these conditions. For those species which can be maintained in continuous growth 
under LI), there appears to be a certain critical daylength below which dormancy is 
induced and above which dormancy does not occur. 

As m the dowering responses of herbaceous plants, the photoperiodic responses of 
woody seedlings appear to depend upon the length of the dark period, rather than of the 
photoperiod, and if a long dark period is interrupted by a short “light-break’', the effect 
of the dark period is nullified and dormancy is delayed. The most effective region of the 
spectrum for this light-break effect lies in the red, suggesting that phytochrome is involved, 
and clear red/far-red reversibility has been demonstrated for seedlings of larch. 

The response of woody seedlings depends on the daylength conditions to which the 
leaves are exposed. In sycamore, as in herbaceous species, it is the young, fully expanded 
leaves which are the most sensitive to daylength, but in birch seedlings even quite young 
leaves in the apical regions show sensitivity to photoperiod. 

I low important are these photoperiodic responses in determining the formation of rest¬ 
ing buds and the onset of dormancy in nature? It has been shown that the seasonal decline 
in daylength is important in determining the onset of dormancy in seedlings of species 
which normally continue active growth into the autumn, c.g. Larix decidua , Populus spp. 
and Robitui pseudacacia. But it is very common to find that older trees show a very much 
shorter period of extension growth than do seedlings of the same species, and they fre¬ 
quently cease growth in June or July, when the natural photoperiods are still long. In such 
cases, it seems doubtful whether declining daylength is important in determining the for¬ 
mation of resting buds, and it seems more likely that some change, in either nutrient levels 
or in hormonal balance, arising within the tree itself, determines the period of growth and 
the onset of dormancy. However, as we have seen, resting buds are at first in a state of 
predormancy and only later enter a state of true dormancy; it is possible that the declining 
daylength in the autumn plays a role in the transition of the buds from predormancy to 
true dormancy. 

It has been found that leaf fall in some woody plants is promoted by short days, and 
delayed leaf fall is sometimes observed in trees growing near street lights. However, in 
nature, low temperatures and possibly low light intensity are probably at least as important 
as daylength in determining the onset of leaf senescence and abscission. 

In addition to the observable morphological changes associated with the induction of 
dormancy by short days there arc also biochemical changes which are reflected in increased 
cold-resistance. Seedlings of black currant (tfifces riorum) and Robinia pseudacacia which 
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have been exposed to SD are markedly more cold-resistant than seedlings which have been 
^rown throughout under LD. Cold acclimatization in Cormct rfe/oni/tT depends upon 
exposure to both SD and decreasing temperature. 

It is now well established that wide-ranging woody species, such as i'mw syh'rwij and 
Piceaabies, show marked ecotypic differences in photoperiodic responses in relation to both 
the latitude and the altitude at which they occur naturally. Northern races arc frequently 
found to require longer pliotoperiods for active extension growth than do more southern 
races, adapted to shorter natural photoperiods. This fact suggests that woody plants arc 
rather closelv adapted to natural davlength conditions, and that the latter probably play an 
important controlling role in the seasonal cycle of growth and dormancy. 


Emergence of Buds from Dormancy 

Usually the terminal resting buds formed during the summer or fall remain dormant 
until the following spring, when they expand and form new shoots. The dormancy of the 
buds diminishes during the course of the winter, as can be demonstrated very simply by 
collecting twigs of trees such as lime (Ti/i.i), s\c 3 inoTc(Accrpsetu{opUvms) t poplar (Populus) 
and willow (Salix) at different times during the winter and placing them in water in a warm 
room or greenhouse. It is found that twigs collected in October, November and early 
December usually remain dormant when they are brought into warm conditions. A fairly 
high proportion of buds collected in January will be found to expand in 2 -3 weeks, and 
with jatcr dates of collection, e.g. February or March, the buds burst increasingly rapidly 
after they arc brought into the warm. 

Many woody plants require to be exposed to a period of winter chilling to overcome 
the dormancy of their buds, as can be shown by growing small trees of species such as 
poplar or sycamore in pots and, when they have become dormant in the autumn, keeping 
some of them out-of-doors throughout the winter and some of them in a warm room or 
greenhouse. In the spring, the buds of young trees which have been kept outdoors will 
expand in the normal way, but those which have been kept in the warm will still be dor¬ 
mant and may remain so until well into the summer; indeed, a certain proportion may 
ultimately die without ever resuming growth. Temperatures in the range 0-5 C arc the 
most effective in overcoming bud dormancy, and chilling periods of260 to 1000 hours arc 
required. In regions with cold winters, the chilling requirements arc normally fully met by 
the spring, but in warm climates, such as those of California and South Africa, where the 
winters are very mild, difficulties may be met in cultivating certain fruit trees, such as 
peaches {Primus persica) y since the chilling requirements of the buds may not be met and 
delayed and irregular bud-break may occur in the spring. 

[t should be noted that although dulling is necessary to remove the dormancy of the 
buds of many trees, warm temperatures arc necessary foT the growth of die bu s a ter 
chilling. Frequently the chilling requirements arc met by January, but in many regions 
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the buds may fail to resume growth then because the temperatures arc still too low, and 
they remain in the phase of postdormancy. Thus, the time of bud burst in the spring is 
normally determined by the return of warmer conditions. 

In the majority of North Temperate woody species so far studied, once bud dormancy 
has been fully induced by SI), they cannot be induced to resume growth by transfer to LD, 
and the dormancy can normally be overcome only by chilling. However, in a few species 
the unchillcd buds can be induced to resume growth under LD or continuous illumination. 
Thus, if leafless seedlings of beech (Fagus syfaatica), birch (Betula spp.) or larch (Larix decidua) 
arc placed under continuous light in a warm greenhouse in the autumn, the buds will soon 
expand. 

At first sight it would seem that the response of dormant buds to photoperiod contra¬ 
dicts the rule that it is the leaves which are the organs of photopcriodic “perception”, and 
that the apical merixtematic region is insensitive to day length. However, it should be 
remembered that resting buds contain well-developed leal primordia and that therefore 
the differences between species, such as beech, and other species relates primarily to a 
difference in the age at which the leaves become sensitive to photoperiod. 

It is not clear whether the photoperiodic control of bud-break is important in nature, but 
there is evidence that bud-break in Tagus sylvatica may be dependent upon lengthening 
daylcngths in the spring, although in many regions temperature is also likely to be a 
limiting factor for this species. Iti Rhododendron , also, bud-brenk appears to be determined 
by daylcngth. 


DORMANCY IN VARIOUS ORGANS 

Various other types of organ, such as rhizomes, conns, bulbs, tubers and the winter- 
resting buds of aquatic plants, show dormancy. In the aquatic plants Strut iotes, Hydrocharis 
and I'lrktilarid the dormancy of the winter-resting buds is induced by short days, in 
association with high temperature. Short days also promote the formation of resting buds 
m the insectivorous plant, Pinguicula grandijlora, and the dormancy of the buds is overcome 
by chilling. 

By contrast, dormancy in bulbs of onion ( Allium cepa) is promoted by LD so that the 
bulbs develop and “ripen” in the summer. The period of dormancy of onion bulbs is 
shortest when the bulbs arc stored at cool temperatures. 

The rhizomes of li 1 y-of-the-valley (Convallaria majalis) normally become dormant 
during the summer and they require a I-week period of chilling at 0*5-2' C, or 3 weeks at 
5°C to remove this dormancy. Similarly, when Gladiolus conns are exposed to warm soil 
temperatures they do not grow, but periods as short as 24 hours at 0-5 1 C will break their 
dormancy. 

Although the tubers of some varieties of cultivated potato have a chilling requirement 
for dormancy breaking, this is apparently not the case with all varieties. 
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A very wide range of treatments, especially using various chemicals, has been found to 
break the dormancy of resting organs. One of the simplest methods of breaking the dor¬ 
mancy of woody plants consists of immersing the shoots in warm water (at 30-35'C) for 
9-12 hours; this treatment is used by Horists for “forcing” the flower buds of lilac and 
Forsyth id, to get blooms much earlier than normally. Exposure to ether vapour is also 
effective in removing the dormancy of lilac buds and of lily-of-the-vallev rhizomes, the 
flowers of which can thus be obtained very early in the winter for sale by florists. Among 
the other substances which have been found very effective in breaking dormancy are 
thiourea and ethyleiKLfhlorhydrin, which will remove the bud dormancy of a wide range 
of woody plants and are also effective with potato tubers and rhubarb root stocks. 

As will be shown below, various growth regulators, including gibberellins, evtokiuim 
and ethylene, will also break the dormancy of buds and seeds of many species. 


DORMANCY IN SEEDS 

Morphologically, the seed consists of an embryo surrounded by one or more covering 
structures, of which the most important is the testa, which is usually derived from the 
integuments of the ovule. Some seeds contain a well-developed endosperm, which lies 
within the testa and may surround the embryo, or may lie to one side of it. Functionally, 
the seed is a “propagulc” or dispersal unit, i.e. an organ of propagation. In many species the 
seeds arc liberated from the fruit and the isolated seeds become the dispersal units. In other 
species, however, the fruits may contain a single seed which is retained within the fruit 
coat (pericarp), the fruit itself being shed as a whole and becoming the dispersal unit. 
Examples arc provided by achenes, nuts, caryopses and so on, the precise definition of 
which docs not concern us here. Although these latter structures arc distinguishable 
morphologically from seeds, they perform the same biological function as seeds, i.e. they 
arc functional prop a gules and hence ir is convenient to refer to all such structures as seeds, 
although it is not strictly accurate to do so. 

Although, as wc shall see, dormancy in seeds shows many parallels with that in buds and 
other organs, the presence of enclosing coats introduces complications not found in buds, 
and wc find several types of seed dormancy, which do not appear to correspond to any 
form of bud dormancy. 


Hard Seed Coats 

The seeds of certain families, such as the Leguminosac, Chenopodiaccac, Malvaceae and 
Geraniaccac, possess testas which arc impermeable to water, so that such seeds arc liable to 
lie dormant in the soil for considerable periods before germination occurs. Water uptake 
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by these seeds can be brought about by various treatments, such as abrasion by sand, 
treatment for short periods with concentrated sulphuric acid, etc., which remove the 
impermeable outer layer of the testa and permit penetration of water to the embryo. Seeds¬ 
men treat clover seed by rotating it in a drum lined with carborundum. Probably under 
natural conditions the activities of micro-organisms in the soil slowly break down the 
outer layers of the testa and so render water uptake possible. 


Immaturity oj the Embryo 

In certain seeds the embryo is still immature when the seed is shed and germination 
cannot occur in such seeds until the embryo has undergone development. This is true of the 
seeds of wood anemone (Anemone nemorosa), lesser celandine (Ficaria verna), marsh mari¬ 
gold (Caltha palustris ), ash (Fraximts excelsior ), and other species. In order for tins further 
development to take place, the seeds must be imbibed with water and maintained under 
favourable temperature conditions. The time required for the embryo to complete its 
development may vary from about 10 days in C. palustris to several months in F. excelsior. 


After-ripening in Dry Storage 

The seeds of many species fail to germinate if sown immediately after harvesting, even 
though the embryo is fully mature. If they arc stored dry at ordinary room temperatures, 
however, they gradually lose their dormancy and become capable of germinating when 
provided with suitable conditions (Fig. 11.3). This effect is called “after-ripening in dry- 
storage”, and is found in several types of cereal, e.g. barley, wheat, oats and rice. The dura¬ 
tion of the dormant period may range from a few weeks to several months. Other species 



Fig. 11.3. Effect of after-ripening in dry storage at room temperature on germination rate ot 
seeds of Impatiais (From \V. Crocker, Grtwr/i of Plant*, Reitihold, New York, 1949.) 
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showing this type of dormancy include many grasses, black mustard (Brasska mya), 
evening primrose (Oenothera spp.), clover( Trifolium spp.) and cultivated varieties oflcttucr. 

It is not known what causes this type of dormancy nor what are the changes which occur 
during the storage period which ultimately release the seed from dormancy. It would seem 
that the processes involved during this period of after-ripening are not of a metabolic 
nature, since they occur even in the dry seed, when metabolism is at a very low level. 

This type of dormancy is of considerable economic importance in cereals. In regions 
where the weather during the harvest period is liable to he wet, dormancy of the grain is 
an advantage, since varieties which show such dormancy are less liable to germinate in the 
ear under wet conditions. From this point of view, dormancy is a desirable economic 
“character”, which is deliberately selected for by plant breeders. On the other hand, for the 
production of malt from barley, dormancy of the grain is often a major problem, since it 
may be impossible to germinate the grain tor several weeks after harvesting. 


Light-sensitive Seeds 

One of the most interesting forms of dormancy, and one which has received intensive 
study in recent years, is that shown by light-sensitive seeds. In a considerable number of 
species, exposure to light is necessary for germination, e.g. seeds of tobacco(MV wiimm spp.), 
foxglove (Digitalis purpurea}, hairs willow-herb (Epilobiuin Itirsutu w), purple loosestrife 
(Lythritm saliciiria), dock crisp ns), and many others. On the other hand, in certain 

other species germination is inhibited by light, although the number of such species is 
considerably smaller than for light-promoted seeds; among the known light-inhibited 
seeds are those of love-in-a-mist (Nigella), Wwiophila, Thacelia and annual phlox (Phlox 
Druntmondii). 

Light-sensitive seeds will only respond to light after they have imbibed water. 1 he 
duration of illumination required by light-promoted seeds is often very short; for example, 
a high percentage of germination is obtained with lettuce seed exposed to only 1 -2 minutes 
of light, while with seed of purple loosestrife a light-dash of only 0*1 seconds duration has 
a marked effect in stimulating germination. The responses of light-sensitive seeds are 
strongly aftcctcd by temperature and many seeds which arc light-requiring at, say, 25 C 
become capable of germinating in the dark at lower temperatures, e.g., certain light-requir¬ 
ing varieties of lettuce. If certain light-requiring seeds arc exposed to daily alternations of 
temperature, e.g., between 15 C and 25 C, they can be induced to germinate without 
exposure to light. Other treatments which can replace the light requirement of seeds 
include treatment with certain inorganic ions, especially nitrate, and certain organic 
substances, e.g., thiourea^ 

Many seeds which arc light-requiring when freshly harvested gradually lose their light- 
requirement during storage and ultimately give full germination in complete darkness, 
e.g., light-sensitive varieties of lettuce. It would seem, therefore, that the changes occurring 
during aftcr-ripcning in dry storage in some way remove the light requirement. 
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As we have already seen, studies on the responses of light-sensitive varieties of lettuce seed 
played a key role in the discovery of phytochrome (Chapter 8, p. 183). It was shown that 
the red region of the spectrum promotes and far-red inhibits the germination of lettuce 
seed (Fig. 11.4). If red and far-red are given alternately, then whether germination occurs or 
not depends upon the nature of the last radiation to which the seeds were exposed. Thus, 
when phytochromc is converted to the P fr form by red light, it evidently initiates a chain 
of processes which ultimately result in germination. It has been found that similar red/ 
far-red responses arc shown by other species of light-sensitive seeds and it seems probable 
that phytochromc is universally involved in light-promoted seeds. 

Light-inhibited seeds have been very much less intensively studied than light-promoted 
ones, but it now seems probable that the same phytochromc system is involved in both 
types of seed, and that in the light-inhibited species the e fleet of far-red is enhanced so that 
it predominates over the effect of red. Thus, it has been shown that the light-inhibition of 
Nettiophiia seed is due mainly to the far-red region of the spectrum; red light, on the other 
band, seems to have little or no promotive effect on this seed. 



Fie, 11.4. Effect of red and tar-red radiation on germination of lettuce seed. (From L. 11. Flint 
and E. I). McAlister, Smir/iAMiiiin Inst. Mi sc. Collections, 96 , 1-8,1937.) 


Dormancy Removed by Chilling 

Gardeners have long known that the seeds of many species will not germinate it sown 
under warm conditions, but will lie dormant in the soil tor long periods; it, however, 
they are sown out-of-doors in the autumn and exposed to winter conditions they will 
germinate in the following spring. 

This behaviour led to the horticultural practice of “stratifying” the seed, i.c. placing it 
between layers of sand and leaving it out-of-doors during the winter. Such “stratified” 
seed is no longer dormant and germinates readily in the spring (Fig. 11.6). From such 
observations it is clear that exposure to winter cold is, in some way, necessary to break the 
dormancy of many seeds. 
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At one time it was believed that the dormancy of such seeds is due tv) hard and imperme¬ 
able coats, and that freezing temperatures are necessary to break the coats. It is now known, 
however, that freezing temperatures are not required, and that, in fact, temperatures just 
above freezing (0-5 C) are more effective than lower temperatures (Pig. 11 .$). Moreover, 
man) seeds which have a chilling requirement do not, in tact, have hard coats, e.g., apple 
birch. 

The range of seeds showing a chilling requirement is very wide (1 able 11.1) and includes 
both woody and herbaceous plants. In some seeds there is an obligate requirement for 
chilling, e.g., ash (Frti.vujiwt .Yu’^ror), whereas in others, e.g., JVi/io spp., a period of pretreat¬ 
ment at chilling temperature, although not essential, nevertheless increases and hastens 
subsequent germination. It should be noted that lor chilling temperatures to he effective 
the seeds must be imbibed with water, there being no effect with dry seeds. The minimum 
period of chilling necessary to remove dormancy varies from species to species, but usually 
amounts to several weeks. In some species the embryo itself is dormant and can only be 
induced to germinate with difhculty if n is tint lulled, e.g., mountain ash (,S\>r/uis 
whereas in other species the embryo will germinate if the testa is removed and only the 
intact seed has a chilling requirement, e.g., sycamore (Hot Seedlings grown 

from unchilled embryos frequently show “dwarfism”, however, making sluggish growth 
and having very short internodes. This dwarfism of seedlings can itself he removed bv 
chilling or by treatment with gibberellic acid. 

Certain seeds, such as acorns (Qumioj and those of I'ifwnnmi, show “epicotyl dor¬ 
mancy”; such seeds germinate and develop a radicle in the autumn without any prior 
chilling but development of the epicotyl is dependent upon chilling, i.e. the epicotyl, but 
not the radicle, shows dormancy. 

A few species have “2-year seeds”, so called because they do not normally germinate 
until the second spring after shedding. Certain types of 2-year seeds have hard coats, as well 
as a chilling requirement, e.g., hawthorn (Cmwi^iis) and Cenwcdifcr; because of the hard 


ICO 



FlC. 11.5. Effect of chilling temperatures on dormancy of 3 pplc seed (germination after H5 days 
chilling at temperatures shown). (From P. G. dc Haas and H. Schardcr, '/.ntulmft fur Pflanzvn- 
zuchtmg, 31 , 457,1952.) 
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l l<;. 11A Effect of winter chilling on dormancy of seeds of Khodotypos. A. Seeds exposed to 
outdoor temperatures throughout the winter. B. Seeds maintained in a warm greenhouse 
throughout experiment. (Photograph supplied by late Or. Lcla V. Barton.) 


TABLE 11.1. Woody species with seeds having a chilling requirement to overcome dormancy 


Aur spp. (Maples) 

/icfidii spp. (Birches) 

(Jon/jis iioritLt (1 logwood) 

('orylus tiin thuiii (Ma/el) 

spp. (Hawthorns) 

I'tiyns syhuttUa (Beech) 

!r<ixinm spp. (Ash) 

//u/K<wn7i.< (Witch hazel) 

ui^ni (Walnut) 

l.iriiu/nntron tuli/nftra (Yellow poplar, Tulip tree) 


Miitus spp. (Apple and Crab apple) 

Picea spp. (Spruce) 

Pinus spp. (Bines) 

Prumtf spp. (including Beach) 

Rost i spp. (Roses) 

gigatitaim (Wellingtonia) 
7’i/iit spp. (Lime) 

7 hujii m'idemalis (Western red-cedar) 

I Vrr.f spp. (Grape) 


coats, the embryos are prevented from imbibing water as soon as shed, and hence chilling 
during the first winter is ineffective in removing dormancy. The hard coats are rendered 
permeable to water during the following summer, however, as a result of the activities of 
soil micro-organisms. When such imbibed seeds enter the second winter, the dormancy is 
broken and they become capable of germinating in the following spring. 

The cause of the “2-year” behaviour is different in other species. Thus, seeds of lily-of- 
the-vallev {Convallaria) and Solomon’s seal require a chilling period to 

bring about growth of the radicle, but development of the epicotyl does not follow until the 
seeds have been subjected to a second winter’s chilling. 


The Role of the Coats in Seed Dormancy 

The seed coats have been found to play an important role in the dormancy of the seed 
of many species. It has already been mentioned that although the embryos are dormant in 
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some seeds which have a chilling requirement, nevertheless in other species it i$ only the 
intact seeds which show dormancy, and the isolated embryos will germinate without 
chilling if the testa is removed. Similarly, certain light-requiring seeds, such as birch and 
lettuce, will germinate in darkness it the seed coverings are removed or even it thev are 
only slit. Again, certain seeds which show a requirement for after-ripening in drv storage 
will germinate if the seed coverings arc removed; for example, removal of the husks of 
barley, wheat, oats and rice will permit germination soon after harvesting, whereas when 
the coats are left intact such seeds normally require several weeks ot after-ripening. It is 
clear, therefore, that the seed coats play an important role in at least three different types of 
dormancy, and, indeed, in all cases where the embryo itself is not dormant, the dormancy 
of the intact seed depends upon the presence of coats, which will include the testa, together 
with the endosperm and pericarp in some seeds. This conclusion raises the question as to 
the mechanism ot these seed-coat effects. 

It is possible that the seed coats present a physical barrier to gaseous exchange of oxygen 
and carbon dioxide between the embryo and the external air. It seems unlikely that seed 
coat effects are due to the accumulation of high internal concentrations of carbon dioxide 
since germination of lettuce seed is actually stimulated by keeping the seeds in high concen¬ 
trations of this gas. On the other hand, several types of seed show higher oxygen require¬ 
ments than do actively growing plants of the same species, suggesting that seed coats may 
present a physical barrier to oxygen uptake. 1 he testas ot marrow (Cucur/u'to pepo) seed 
have been shown to be much less permeable to oxygen than to carbon dioxide. Certain 
seeds can be induced to germinate either by slitting or removing the coats, or by maintain¬ 
ing the intact seed in a high concentration of oxygen, e.g., in Hctula and non-after-ripened 
cereals. Studies on the respiration of germinating pea seeds suggest that anaerobic condi¬ 
tions mav occur in the initial stages of germination until the testa is ruptured, when there 
is a marked increase in oxygen uptake (p. 27H). Thus, several kinds of evidence support the 
view that seed coats may limit the uptake of oxygen. 

Interference with oxygen uptake, especially in association with high temperatures, 
appears to be important in what is known as secondary dormancy. 1 bus, non-donnant seeds 
of A’tfHf/niw! can be rendered dormant by embedding them in clay (which restricts gaseous 
exchange) and keeping them at 30 C for several weeks. Similar secondary dormancy 
phenomena have been shown for a number of other species, including members of the 
Polygonaceae and Rosaccac, c.g., apple and pear. In all these cases, the secondary dormancy 
can be overcome by chilling treatment, and it appears that the development of secondary 
dormancy is the reverse of after-ripening. 

Secondary dormancy shows many resemblances to primary dormancy and it has been 
suggested by Vcgis and others that restricted oxygen uptake, in association with high 
temperature, is the cause of normal dormancy in seeds and, indeed, in buds also. Thus, 
Vegis has pointed out that the embryos of developing seeds arc liable to experience oxygen 
deficiency because of the surrounding seed coats and maternal tissues, and postulates that 
under such conditions of partial anacrobiosis normal oxidative breakdown through the 
tricarboxylic acid cycle and “terminal oxidation , necessary for growth in most species, 
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does not take place. Instead, the products of glycolysis, such as phosphoglyceric acid, 
cannot undergo normal oxidative breakdown, but become diverted into alternate path¬ 
ways, leading to the formation of fatty acids and fats, which tend to accumulate in dormant 
tissues. 

The possible importance of oxygen deficiency within the seed as a factor in dormancy 
is suggested by work on rice seeds, which arc dormant immediately after harvesting, but 
gradually emerge from dormancy during dry storage. The dormant seeds of rice can be 
induced to germinate by removing the husks, thus indicating the importance of coat effects 
in these seeds. Storage in oxygen greatly reduces the dormancy period, suggesting that 
some oxidation reaction may be involved in the after-ripening processes during dry stor¬ 
age. I lowever, Roberts tested the effects of various respiratory inhibitors (including inhibi¬ 
tors of terminal oxidation, Krebs cycle and glycolysis) and obtained the unexpected result 
that they stimulated germination of dormant rice seeds. He suggested that it is necessary for 
some oxidation reaction to proceed before germination can take place, and that this reac¬ 
tion is in competition with respiratory processes involving gycolysis, the Krebs cycle and 
the terminal oxidase system for the low levels of oxygen present in the seeds; hence the 
inhibition of these respiratory processes by various substances will release greater amounts 
of oxygen for the other oxidation reaction, which he suggests may involve the “pentose 
phosphate pathway” of carbohydrate metabolism. There is indeed evidence that the loss 
of dormancy is accompanied by a shift from the glycolytic to the pentose phosphate path¬ 
way in several species of seed. It has been further suggested that the action of respiratory 
inhibitors in stimulating germination is brought about by their inhibiting the enzyme 
catalase, which catalyses the breakdown of hydrogen peroxide. The hydrogen peroxide so 
spared is postulated to enhance the activity of the pentose phosphate pathway. 

There is also some evidence that the effect of seed coats may be due to mechanical 
resistance to the growth of the radicle. Thus, several types of dormant seed will germinate 
if the seed coat is removed in the radicle region, but if seeds so treated are placed in a high 
osmotic concentration of 0*3 m mannitol (which will reduce the ability of the seeds to take 
up water and hence replace the mechanical effect of the seed coat) their germination is 
inhibited. However, the osmotic effect of the mannitol solution can be overcome by 
treatments, such as exposure to light or treatment with gibbcrcllic acid, which will stimu¬ 
late germination of the intact seed. It is concluded, therefore, that the normal effect ot the 
seed coat is a mechanical one, to overcome which the radicle needs to develop a sufficient 
turgor. Whether this mechanical effect of seed coats is important in many species is not yet 
clear. Nevertheless, whatever the effect of the coats, it is clear that they play a very impor¬ 
tant role in many forms ot seed dormancy. 


SIMILARITIES BETWEEN SEED DORMANCY AND BUD DORMANCY 

Inhibition of germination by the seed coats cannot be important in seeds which show 
embryo dormancy, where even the naked embryos are dormant. I Icnce we must seek 
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some other cause of dormancy in such cases. Now the dormancy of seeds showing a light 
or chilling requirement shows certain features in common with that of buds and oilier 
organs, which may be summarized briefly as follows: 

(1) Chilling for several weeks at 0 -5 C is effective in breaking the dornumcv of buds, 
rhizomes, corms and many types of seed. 

(2) Certain substances will break the dormancy of several kinds of organ: thus, thiourea 
and gibbcrcllic acid will remove the dormancy of tree buds, potato tubers and 
several types of seed. 

(3) Certain tree buds and certain seeds may be induced to grow by exposure to long 
days, whereas short days are ineffective. 

The close parallel between dormancy in buds and m seeds is particularly clear in instances 
where the buds and seeds of a single species are compared. 1 or example, in birch [licluht 
pubi'scew) the dormancy of both the seeds and buds can be removed by chilling, by exposure 
to long davs or bv gibbcrcllic acid. This parallel between seed and bud dormancy in a single 
species strongly suggests that the cause of dormancy is the same in both organs. 

Now, bud dormancy is apparently not due to interference with gaseous exchange by 
the bud scales since (1) many dormant buds are not tightly enclosed by the scales, ami 
(2) removal of the bud scales docs not usually cause resumption of apical activity. More¬ 
over, interference with gaseous exchange cannot be important in the iiuiuaiou of dormancy 
in buds, since until the buds are actually formed there can he no question of interference 
with oxygen uptake bv the bud scales. On the other hand, we have seen that in many w< indy 
species resting buds are formed under short days, and that the response is determined l>v 
the davlcngth conditions to which the /e<nv.« are exposed. In view ol the evidence for the 
role of hormones in the control of bud dormancy it is pertinent to examine their possible 
importance in some forms of seed dormancy. 


HORMONAL CONTROL OI : DORMANCY 

Since hormones appear to play an essential role in most aspects of growth and differen¬ 
tiation it is reasonable to examine their possible role in the control of dormancy ‘>1 both 
buds and seeds. Studies on this problem involve two main types of approach, viz. (1) obser- 
vations on the effects of application of exogenous hormones, and (2) investigations on 
endogenous hormones, especially to establish whether there is an y meaningful c« ^relation 
between variations in the levels of endogenous hormones and the state of dormancy of 
buds and seeds. 

Experiments with exogenous hormones have shown that the dormancy of many seeds 
can be overcome by application of gibbercllim, cytokinim and ethylene. Species which 
show a response to gibbcrcllins include a number which normally require after-ripening in 
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dry storage, others which are light-requiring and many which have a chilling requirement. 
Among the various gibberellins which have been tested, G A 4 and G A 7 have been found to 
be particularly active in stimulating germination of dormant seeds. In a smaller proportion 
of species dormancy can be overcome by cytokinins; usually a given species responds 
either to gibberellins or to cytokinins, but some seeds respond to both types of growth 
substance, e.g. lettuce, pear (Pyrus communis) and sugar maple (Acer saccharum). Ethylene 
has also long been known to stimulate germination in a number of species and in some 
species, such as lettuce, ethylene increases the germination percentage which can be 
obtained with cytokinins or gibberellins alone. 

Although greatly increased dark germination can be obtained in many light-requiring 
seeds by application of exogenous growth substances, these do not always fully replace the 
light requirement. Thus, red light and gibberellins have often been found to be synergistic 
in overcoming dormancy, suggesting that their modes ofaction are not identical. Similarly, 
in certain weed species, such as Spergola arueusis, the effects of red light, ethylene and carbon 
dioxide are markedly synergistic in promoting germination. Again application of kinetin 
reduces, but does not entirely replace, the light requirement of lettuce seeds. 

The dormancy of resting buds of many types of woody plants and other resting organs 
may be overcome by the same three main types of hormone as are active with dormant 
seeds. In most such cases the exogenous hormone removes a chilling requirement, but in 
buds of beech and birch exogenous gibbcrellin will also substitute a requirement for long 
photoperiods. It has been claimed that GA 3 is only effective in hastening bud-break in 
/lo r psetuiophuanns after the chilling requirement has been met, but there seem to be other 
well-authenticated instances in which GA 3 is effective in replacing a chilling requirement, 
e.g., in unchilled hazel seeds. 

Studies on changes in the levels of endogenous growth-promoting hormones in plant 
extracts have provided a number of instances in which levels of gibberellins and cytokinins 
have been found to decline during the development of dormancy and to increase during 
emergence from dormancy. Tims, it is well established that whereas levels of endogenous 
gibberellins and cytokinins are very high in young developing embryos, the levels of these 
hormones decline drastically to almost zero during the later stages of seed development 
(big. 11.7), although these changes are not confined to species which have dormant seeds. 
Concomitant with the decline in free gibberellins, there is an increase in gibbcrellin 
conjugates, especially gibbcrellin glucosides and glycosyl esters, which may serve as 
“reserves” in the seed. A similar decline in endogenous gibbcrellin and cytokinin levels 
appears to occur in the resting buds of woody plants during the development of dormancy, 
both under natural conditions and in response to short days applied experimentally. 

By contrast, it has been found that levels of extractable gibberellins and evtokinins 
increase in both seeds and buds during chilling treatments. In several species of seed, the 
levels of cytokinins and gibberellins rise to a peak in succession and then decline, so that by 
the end of the chilling period these hormones have returned to a low level (Fig. 11.8). In 
several light-requiring seeds rapid increases in gibberellins and cytokinins have been ob¬ 
served following exposure to short periods of red light (Fig. 11.9). Thus, both chilling 
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Fk;. 11 .7. Changes in endogenous gibberellin activity in seeds of Plusvolus vulgaris, during their 
development. Relative gibberellin activity per gramme Ircsh weight and per seed plotted 
against days from anthesis. The ordinate scale refers to gibbcrcllic acid per seed ; one unit of 
this scale is equivalent to 5 units of gibberellin activity per gramme Ircsh weight, (From 
K. G. M. Skene and D. J. Carr, Ausir.J. Biol. Sii. 14, 13-25, 1%1.) 


treatments and red light, which overcome the dormancy of various species of seed, result 
in increases in endogenous gibbcrcllins and/or cytokinins. 

We have seen that ethylene will stimulate germination in seed of a number of species, 
and there is increasing evidence that endogenous ethylene may play an important role in 
seed dormancy. Thus, the embryonic axes of non-dormant varieties of peanut (Arachis 
hypogca) produce ethylene during germination whereas those of dormant varieties produce 
only low levels. In dormant Xanthmn seeds there is a complex interaction between the 
effects of ethylene, carbon dioxide and oxygen in the promotion of germination. Non- 
dormant seeds actively produce endogenous ethylene under aerobic conditions, whereas 
dormant ones show only a low rate of ethylene production, so that dormancy in Xanthium 
seeds may be caused by the repression of the capacity for ethylene biogenesis. Germination 
of the dormant seeds can be stimulated by thiourea and the cytokinin, benzyladeninc, 
which also increase ethylene production, but it would appear that the primary effect of 
these substances is to stimulate growth and that the increased production of ethylene is a 
consequence of such growth rather than its cause. 

Although such general correlations between hormone levels and the state of dormancy 
suggest that the effects of dormancy-breaking treatments may be mediated through the 
variations in endogenous hormone levels, it still remains to be demonstrated unequivo¬ 
cally that this is the case, since (1) it remains to be shown whether the variations in the 
hormones are the cause or the effect of the changes in the state of dormancy, and (2) more 
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Fit;. 1 l.H. Hffects of c hilling at 5 C on the levels of endogenous cytokinins, gibberellin-like 
substances and abscisic acid in seeds of Accr sacdiaruw. Squares, acidic gibberellin-like sub¬ 
stances. Circles, cytokinin-like substances. Solid circles, endogenous abscisic acid. (From 
1 ). 1 \ Webb, J. van Stadcn and V. F. Warring, J. Exp. Hot. 24 , 105-lb, 1973.) 


detailed studies have sometimes shown a lack ot a close correlation between levels ot extrac¬ 
table hormones and dormancy. For example, although evtokinins increase rapidly in seeds 
ot dock (Runicx obtnsifolius) following exposure to red light (which stimulates their germi¬ 
nation), there is evidence that these increases in endogenous cytokinins is not the primary 
cause ot the release from dormancy. Moreover, most ot the determinations of endogenous 
hormone levels in the past have been carried out on relatively crude plant extracts, using 
biological assay techniques, with all the errors inherent in these methods. 

Apart from the problem as to the role of gibberellins, evtokinins and ethylene in the 
control of dormancy, there is good reason to believe that dormancy is not simply brought 
about by the absence of these growth-promoting hormones. On the contrary, there is 
circumstantial evidence to suggest that metabolism is actively blocked in dormant tissues, 
suggesting that possibly dormancy also involves natural growth-inhibiting substances. 
Substances which inhibit growth in various tests can be extracted from many plant tissues 
and hence it is possible that dormancy involves the active inhibition ot growth by such 
substances, as was first suggested by I Icmberg. He showed that extracts of dormant potato 
tubers and buds ot ash {Fraxinusexcelsior) contain substances which inhibit growth oiAvcna 
coleoptilcs and that treatments, such as exposure to ethylene chlorhvdrin, which overcome 
the dormancy ot potato tubers also cause a marked reduction in the inhibitory activity of 
tissue extracts. It was also shown for a number of woody species that extracts of resting 
buds become less inhibitory during the course of the winter and this change is correlated 
with a gradual emergence ot the buds from dormancy. However, again it is clear that such 




Fig. 11.9. Effects of short exposures to red (H) ,md far-red (FH) lij.*ht on endogenous t ytokmin 
levels in seeds of Rumex cbtusifolius. All seeds were first imbibed in the dark for 2 days and then 
treated as follows before extraction of cytokinins: A, nil treatment (extracted immediately), 
15, 2 days in dark; C, 10 minutes R light; D, 10 minutes R light followed by 2 days in dark; 
E, 10 minutes in R light and 5 minutes FR light; F, 10 minutes R light and 20 minutes FR light. 
After paper chromatography seed extracts were assayed for cylokinin activity by the soy¬ 
bean callus assay. (From J. van Staden and P. F. Warring, Plant,u 104, 120-33, 1972.) 


a correlation does not establish a causal relationship between the level of growth inhibitors 
and dormancy. Bioassays can rarely differentiate between changes in amounts of “inhibit¬ 
ing” compounds and of growth-promoting compounds which interact with them. 
Moreover, because certain substances extracted from plant tissues inhibit growth ofcolcop- 
tiles it does not necessarily follow that such substances normally function as growth inliibi 
tors in the tissues from which they were extracted. It is probable, indeed, that some of these 
“inhibitors” are toxic substances which are normally restricted to the vacuoles of differen¬ 
tiated cells and hence do not normally have access to the growing tissues of the plant. 
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However , considerable interest was aroused by the discovery of abscisic acid (ABA), 
which is a powerful growth inhibitor in many tests. It was, indeed, the search for a natural 
dormancy-inducing substance (“dormin”) which led to the isolation of ABA from leaves 
o£Accrpseudoplatanus contemporaneously with its isolation from cotton fruits. 

The application of exogenous ABA inhibits growth and germination in many tests. 
I lowcvcr, to inhibit the germination of non-dorniant seeds, ABA must be supplied con¬ 
tinuously, and if the seeds are rinsed in water they germinate rapidly. On the other hand, 
ABA induces the formation ot resting buds (“furious”) in the duck weed, Spirodela poly - 
rrfiiza , and the experimentally induced resting buds appear to show normal dormancy 
which can only be overcome by chilling or by application of cytokinins. Similarly, dor¬ 
mant immature embryos of yew ( Taxus baccata) can be made to germinate by soaking them 
in a nutrient medium, which results in leaching of the endogenous ABA from the embryos. 

I lowcvcr, these leached embryos can be rendered dormant again by treating them with 
exogenous ABA. Again, it is possible to induce the formation of resting buds in seedlings 
of sycamore (Aarpscudopiamus) by application of exogenous ABA. However, it is neces¬ 
sary to apply relatively high concentrations of ABA for prolonged periods in order to 
induce dormancy, so that it is not clear whether the formation of resting buds by this 
treatment is of any significance for the normal process. Moreover, some unsuccessful 
attempts to induce bud formation by application of ABA have been reported. 

The effects of ABA and of gibberellins and cytokinins are mutually antagonistic in a 
number of tests, For example, the inhibitory effect of ABA on the germination of lettuce 
seeds can be completely reversed by cytokinins such as kinetin (Fig. 11.10). Similar inter¬ 
actions between AB A and GA 3 have been found in other tests. These observations have led 
to the idea that dormancy may be regulated by an interaction between growth inhibitors 
such as ABA, and growth promoters, such as GA 3 and cytokinins. In a number of seed 
species, the effects ot ABA can be overcome by cytokinins, but not by GA 3 . It has been 
suggested that gibberellins, ABA and cytokinins have “primary”, “preventive” and “per¬ 
missive” roles, respectively, in the regulation of seed dormancy, i.e. it is postulated that 
gibberellins have a primary role in overcoming seed dormancy, that at appropriate con¬ 
centrations ABA prevents germination, but that its effect can be overcome by conditions 
which lead to an increase in endogenous cytokinins. 

Although experiments with exogenous ABA seem to point to its possible role in the 
regulation of dormancy, determinations of levels of endogenous ABA have given some 
results which appear to support the hypothesis, but others which appear to be inconsistent 
with it. Thus, endogenous ABA levels decline during chilling in seeds of apple and sugar 
maple (.Ter saalumun), but experiments with other seeds have given less clear-cut results. 
Similarly, the ABA levels in buds ot black currant (iiifees ni^nun) and bccch (Faults sylvatica) 
have been reported to decline during the course ot the winter, accompanied by a concomi¬ 
tant increase in the levels ot the glucosy 1-ester ot ABA, suggesting a possible conversion of 
tree ABA into conjugated forms. On the other hand, similar studies on birch and sycamore 
buds gave less marked changes in the levels of free ABA and the ratio of free/bound ABA, 
during the winter. 
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Fig. 11.10. Effect of abscisit acid and kinctin alone and in combination on the germination ol 
lettuce seed. AHA concentration, ppm: (a) nil;(b) 0 02;(0 2*0, (d) 20.(From I*, h Warring, 
|. Good, II. Potter andj. A. Pearson, S.C.l. SfonogtAph No. 31, Soc. for (.'hem. Ind., London, 

1 % 8 .) 


Since the formation of resting buds in woody plants is promoted by short days it might 
be expected, if bud formation and dormancy involves ABA. that levels of endogenous 
AHA would be higher under short days than under long days, but no such differences could 
be detected in the leaves and shoot apices of birch, maple and other species. Again, it high 
levels of ABA bring about cessation of growth and bud formation in woody plants, the 
very high ABA levels resulting from drought stress (p. fW) would be expected to be very 
effective in causing the formation of resting buds, but this does not appear to be the case 
in birch seedlings maintained in long days under water stress, although drought docs 
promote bud formation in other species. 

Thus, the present state of knowledge regarding the role of hormones in the control of 
dormancy remains confused, and although it seems very likely that variations in endo¬ 
genous gibbcrcllins, cytokinins and ABA arc important in bud and seed dormancy, their 
precise role remains uncertain. 


THE LONGEVITY OF SEEDS 

The period during which seeds retain their viability varies greatly between species. The 
seeds of certain species remain viable for only short periods if kept in air at ordinary atmo¬ 
spheric conditions of humidity and temperature. Thus, seeds of willow (SWix) are viable 
for only a few days and must be sown very shortly after attaining maturity. The seeds of 
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poplar and elm retain viability for a few weeks, and those of oak, beech and hazel for a few 
months, when stored under coo], moist conditions. 

The seeds of most species, however, remain viable for considerable periods, generally 
for at least a year and frequently for much longer. Various types of experiments have been 
carried out to determine the longevity of such seeds. Thus, various workers have tested the 
viability of very old seeds from herbaria, and Hccquercl found appreciable germination of 
seeds of various members of the Lcguiuinosae ranging from 1(K) to 200 years old. Other 
families characterized by long-lived seeds arc the Euphorbiaccae, Malvaceae, Convolvu- 
lacoac, Solanaceae, Labiatae and Compositac. 

Several long-term experiments have been set up in the United States to determine the 
longevity of seeds. Jn 1002, the U.S. Department of Agriculture set up an experiment in 
which seed of 107 species were placed in sterile soil jn pots, which were then buried outside 
at different depths. After 20 years, some seeds of fifty-one of the species were still viable, 
but the seeds of most cultivated plants tested were dead. After 3V years, low germination 
was shown by twenty species and high germination by a further sixteen species. 

A number of field observations also support the finding that seeds may retain their via¬ 
bility for long periods in the soil, under natural conditions. Thus, there is a well-authenti¬ 
cated case in which viable seeds of arable weeds were found in the soils of forests which 
had been planted on farm land some 20-46 years previously and had presumably lain 
dormant in the soil for that time. Other similar examples are known. Thus, living seeds of 
the Indian water lily, Nclumhium nucifera, were found in the bed of a former lake in Man¬ 
churia, which was estimated to have been drained at least 120 years, and more probably 
200 years, previously. Seed from herbarium specimens of this species which were 237 years 
old have also germinated. The seeds of Ncitnnbiiun have very thick coats and are impervious 
to water, so that the embryo is not imbibed with water unti 1 the coat is rendered permeable. 
Similarly, the hard-coated seeds of the Lcguiniuosac will survive in the soil without taking 
up water until the coats have been eroded by the activities of soil micro-organisms. Such 
seeds may therefore lie for long periods in the soil in the uninibibed condition. 

Manx other types of seed which survive in the soil for long periods do not have im¬ 
permeable coats, however, and hence they must survive in a moist condition. 1 his fact 
raises the problem as to why it is that these seeds do not germinate in the soil, where they 
appear ro have adequate conditions of moisture and temperature for germination. This 
problem has not been satisfactorily solved, but it has been suggested tbar high carbon 
dioxide concentrations in the soil render the seeds dormant. However, recent studies have 
shown that a very high proportion of buried weeds have a light-requirement for germina¬ 
tion. It is of interest that among the buried seeds found to be light-requiring are those of 
certain species which do not normally show a light-requirement, and hence it would appear 
that burial in some way leads to the development of a light requirement. Where such light- 
requiring seeds lie buried in the soil they will remain dormant until ploughing or some other 
disturbance bring them to the surface, when they rapidly germinate. Seeds showing this 
behaviour include those of Digitalis purpurea, Jtmctts spp., Poly^omuu spp., I \ronka persica, 
Spcrgnla arvensis and Hume into spp. 
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The ultimate cause of the loss of viability of seeds is not understood, hut it is known that 
seedlings from old seeds show various cytological abnormalities such as chromosome 
breakage, disturbance of the mitotic spindle, etc., and physiological abnormalities such as 
chlorophyll deficiency. It is likely, therefore, that the loss of viability is due to slow chemical 
changes such as the denaturation of proteins. 


GERMINATION 


Tlw ConditionsJor Germination 

Since the tissues of the ripe seed are in a highly dehydrated condition, it is not surprising 
that water supply is frequently a limiting factor controlling the germination of seeds. Most 
seeds take up a relatively large mount of water when planted in a moist medium, and this is 
initially an inibibitional process, in which various substances present in the seed, especially 
proteins and starch, arc involved. The inibibitional forces involved are enormous and 
certain seeds can take up considerable quantities of water from relatively dry soil. 

Temperature is a second factor which plays an important role in controlling germina¬ 
tion. The minimum temperature at which germination can occur varies considerably from 
one species to another, and the seeds of some species, such as beech, will germinate at 
temperatures only a little above freezing, whereas the seeds of tropical and sub-tropical 
species have much higher temperature requirements. Whereas most species will germinate 
under constant temperature conditions, other species require a daily alternation in tempera¬ 
ture. For example, the seed ot the dock, Rwncx obtusifolius, germinates best when subjected 
to daily temperature alternations of 15 and 30 (]. Alternating temperatures are also re¬ 
quired by seeds of evening primrose (Oenothera biennis), Yorkshire log grass (/ lolcus hmatus) 
and celery (Apiuni franco lens). Presumably these requirements are usually met by the 
normal variation between day and night temperatures under natural conditions. Little is 
known of the physiological basis of this phenomenon. 

Although it is well known chat seeds need conditions of adequate aeration for germina¬ 
tion, there is little precise information on the oxygen requirements of seeds. It is clear, 
however, that the oxygen requirements of the intact seed will depend not only upon the 
metabolic demands of the embryo, but also on the permeability of the enclosing testa or 
other seed coats. As wc have seen, these seed-coat effects appear to play an important role 
in the dormancy of many species. Whereas the oxygen content of the air is fir above that 
needed for normal growth of plants, it is not tar above that required for the germination of 
many seeds, no doubt due to the physical barrier to oxygen uptake presented by the seed 
coats. 

There are marked differences between species in the ability of their seeds to germinate 
under water, no doubt because the partial pressure of the oxygen dissolved in water is 
considerably less than in air. Other seeds will germinate well under water; these latter 
include both aquatic species, and certain land species, such as rice. 
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The Process oj Germination 

In non-dormant seeds, active metabolism evidently commences soon after they are 
placed under conditions favourable for germination. The question arises as to what are the 
first stages in the complex overall process known as germination. Usually, of course, we 
take the emergence of the radicle as the primary criterion of germination, i.e. for most 
practical purposes the initiation of growth is taken as the first detectable sign of germination. 
It appears that the initial elongation of the radicle involves cell extension rather than cell- 
division, but cell division starts very early in the growth of the radicle. It is probable that 
the commencement of radicle growth is preceded by a number of preliminary processes, 
but little is known regarding the nature of these processes. 

In the dry condition of the resting seed, metabolism must obviously be at an extremely 
low level on account of lack of water, but full metabolic activity does not develop imme¬ 
diately water is imbibed, even in noil-dormant seeds. 

When a lion-dormant seed is planted under conditions favourable for germination there 
is a rapid increase in the respiration rate, which can be detected 2-4 hours after soaking in 
the case of peas. After this initial rise the respiration rate in peas reaches a steady value 
which is maintained for several hours. At about the time that the testa is broken by the 
radicle there is a further rapid rise in respiration rate, suggesting that in the initial phases of 
germination gaseous exchange is limited by the testa. By contrast, in barley and wheat 
there is a fairly uniform rise of respiration rate during germination. 

The changes in carbon dioxide output (Q co ), of oxygen uptake (Q 0 ) and of the 
respiratory quotient (RQ) during germination provide an indication of the type of respira¬ 
tion occurring (i.e. whether aerobic or anaerobic) and of the nature of the respiratory 
substrate, i.e. whether carbohydrate, fat or protein. During the early stages of germination 
of peas respiration appears to be predominantly anaerobic, owing to the restriction of 
oxygen uptake by the testa, and ethanol may accumulate in the tissues. The enzymes of 
glycolysis have been shown to be present in pea seeds. 

The enzymes of the tricarboxylic acid (TC A) cycle by which aerobic respiration occurs 
are located in the mitochondria; it appears that the mitochondria in dry seeds arc not fully 
active and are incapable of carrying out oxidative phosphorylation, but their activity 
increases during the later stages of germination. Also, it lias been found that the electron 
transport system involved in terminal oxidation is not active in dry seeds. On the other 
hand, the pentose phosphate pathway, which provides an alternative mechanism for the 
aerobic respiration of carbohydrates, is active in bean seeds. 

Although many enzymes are present in dry seeds, other enzymes are absent or present in 
an inactive form, and their activity only appears as germination progresses; examples of 
these are provided by several of the amylases, lipases and proteases responsible for the 
breakdown of reserve materials during germination. It has clearly been demonstrated that 
certain enzymes are synthesized de novo during germination. An excellent example is 
provided by the enzyme x-amylasc, which is not present in the dry barley grain, but which 
appears during germination (p. W). It is apparently secreted by the aleurone layer and 
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brings about the breakdown of starch in the endosperm. Normally the presence of the 
embryo is necessary for the appearance of a-amylase, suggesting that the production of the 
enzyme depends upon the supply of some substance from the embryo. It has subsequently 
been shown that the synthesis ofa-amylasc can take place in barley grains from which the 
embryo has been removed, if they are supplied with gibbcrellic acid, suggesting that the 
embryo normally supplies a natural gibberellin wihch initiates at-amylase synthesis in 
the aleurone layer. In this way enzyme synthesis is regulated, so that it does not take place 
until the embryo commences growth. It is now known that the synthesis of other enzymes, 
including RNA-ase and proteolytic enzymes, may be stimulated in barley grains by 
gibberellic acid. 

Studies have been carried out on the RNA changes occurring in seeds during germina¬ 
tion. It is found that there is active RNA synthesis during germination, affecting all frac¬ 
tions of RNA, and, in particular, there is marked increase in the monoribosome and 
polyribosome fractions. During the first 30 minutes of imbibition of water by wheat 
embryos there is a rapid formation ot functional polyribosomes, with a corresponding 
increase in protein synthesis. Preparations of ribosomes from dry wheat embryos show little 
capacity to incorporate 14 C-leucine into protein, whereas preparations from imbibed 
embryos do so. However, if polyuridylic acid is supplied (as a synthetic messenger RNA), 
the ribosomes of dry seeds arc found to be as active as those from imbibed seed. Thus, the 
inability ot the ribosomes from dry seeds to carry out protein synthesis apparently does not 
lie in any deficiency in the ribosomes themselves, but is apparently due to the unavailability 
ot m-RNA. However, there is evidence that m-RNA is present in dry seeds, but is apparent¬ 
ly inactive or is spatially separated from the ribosomes. 1 lowever, it appears that this pre¬ 
formed m-RNA becomes activated after the seed is allowed to imbibe water and is then 
able to support protein synthesis. Thus, the antibiotic, actinomycin I), which inhibits the 
production of m-RNA by the transcription of DNA in the nucleus, does not inhibit 
protein synthesis and polysome formation during early germination. In cotton seeds act in o- 
inycin D inhibits incorporation of 32 P into polysomes, but has no effect on the incorpora¬ 
tion of 14 C amino acids into protein. On the other hand, inhibitors of protein synthesis 
(i.e. at the “translation” stage) do inhibit this process in germinating cotton seeds. These 
observations suggest that protein synthesis during the early stages of germination does not 
depend upon the production of new m-RNA at that time, but is directed by long-lived 
m-RNA already present and which was produced during the development of the seeds. 
Supporting evidence for this latter conclusion has come from studies on developing cotton 
embryos, in which it was shown that m-RNA for the synthesis of the enzyme protease is 
evidently present during the last 20 days of seed development, and yet synthesis of the 
enzyme docs not occur, apparently because the translation process is inhibited, possibly by 
endogenous abscisic acid. 
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CHAPTER 12 


Senescence nini Abscission 


In common with all multicellular organisms, higher plants are mortal ami the life of the 
individual plant is ultimately terminated by death. Before the death ot the whole plant has 
occurred, however, it is likely that there will have been earlier death of a number of its 
organs and tissues. As a result of the ac tivity of the apical ineristem, the upper part of the 
shoot shows a prolonged embryonic condition, while at the same time senescence and death 
is occurring in the older lateral organs, notably the leaves, Hower parts and fruits. In many 
plants the death of organs has a pronounced seasonal character and there is a regular annual 
loss of part of the shoot system. In trees, this annual loss is mainly confined to the lateral 
organs mentioned, blit in some herbaceous perennials, e.g. dock (Kume.v), nettle (1 Jrtua), 
bracken ( Pteriditnn aquilmum), the whole above-ground part of the shoot may die each year. 
In annual species, the whole plant, except the seeds, dies after flowering and fruiting. I bus, 
the death of plant parts is a regular feature of the annual cycle of growth and is much more 
common in plants than in animals. 

Death of an organ or of the whole plant is always preceded by the process of senescence, 
which may be regarded as the final phase in development that leads to cellular breakdown 
and death. We may conveniently distinguish between organ senescence and i Me plant 
senescence. In most plants each leaf has only a limited life span so that as the shoot continues 
to grow in height, the older leaves at the base tend to scnesce and die progressively (f ig. 
12.1). This pattern of scncsccncc has been described as sequential senescence, and it must be 
distinguished from the simultaneous or synchronous senescence of leaves of temperate decidu¬ 
ous trees, which is so conspicuous in the “fall”, bruit senescence is seen during ripening of 
both succulent and non-succulent fruits. I he ripening of succulent fruits is a complex 
process which ultimately terminates in the senescence and decay of the tissues. 

Before considering plant senescence it is necessary to distinguish between monocarpic 
species, which flower and fruit only once and then die, and polycarpic plants, which flower 
and fruit repeatedly. Monocarpic species include all annual and biennial plants and also a 
certain number of perennial plants which grow vegetatively for a number of years and then 
suddenly flower, fruit and die. Examples of this latter type of plant arc seen in the “Century 
Plant” (Agave) and bamboo, both of which may grow vegetatively for many years, before 
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the sing/c 1 reproductive p/iasc occurs. Thus, in monocarpic species, death of the whole plant 
is closely connected with reproduction and is evidently genetically determined to occur at 
this stage in the life cycle. Hy contrast, in polycarpic species, which include both herbaceous 
perennials and woody plants, death of the whole plant is not normally associated with 
reproduction and there is great variation among the different individuals of a given species 
with respect to the length of the life span. Thus, in dicotyledonous woody plants, which are 
all polycarpic, the individual tree normally lives for many years, and there is no universal 
life span characteristic of the species. Indeed, apart from accident and disease, there would 
seem no reason why a tree should not live indefinitely, although there would no doubt be 
mechanical problems when the branches become too heavy to support themselves. In 
monocarpic plants, on the other hand, death is destined to occur at a given point in the life 
cycle, and we may speak of programmed death in such plants. 



Whole plant 
Senescence 




Shoot Senescence Simultaneous leaf 

Senescence 

Fig. 12.1. Types of plant- and leaf-senesccnce. 



Progressive or sequential 
leof Senescence 


What determines the life span of an individual cell, an organ or a whole plant? It might 
be suggested that a given cell has only a limited life span, which is determined by factors 
inherent in the cell itself. The loss of viability of seeds appears to be due to chromosome 
breakage within individual cells (p. 277), but it cannot be assumed that changes occurring 
in the dehydrated tissues of seeds in dry storage occur also in actively metabolizing cells 
and are a cause of senescence ill the later stages of the plant cycle, although it has been 
suggested that chromosomal changes are important in the ageing and senescence of animal 
cells. 

In some types of tissue, differentiation involves the early death of certain cells, such as 
those of vessel elements in the xylem, whereas neighbouring parenchymatous cells may 
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remain living for many years. The changes occurring in the protoplasr during the differen¬ 
tiation of a vessel element may correspond closely ro those occurring later in the constituent 
cells of a senescent organ, such as a leaf. However, the process of vacuohtiou and enlarge¬ 
ment docs not necessarily involve degenerative changes, since parenchymatous cells nn\ 
live tor many years, as in those of the pith and rays of some woody plants. Thus, it would 
seem that the maximum potential life of many types of differentiated plant cell is seldom 
reached in herbaceous plants, and that senescence and death do not occur on account of 
factors intrinsic in the individual cells, but because of conditions prevailing within the organ 
or organism as a whole. For example, sequential leaf senescence seems to be caused by 
competition between mature leaves and the growing regions of the shoot, and if a leaf is 
removed and allowed to form roots in the petiole it mav live verv much longer than if it 
had remained attached to the parent plant (p. 289). Thus the rate of senescence of plant 
organs is often under control of the whole plant and is not simply determined bv intrinsic 
characteristics of the cells of that organ. However, it would appear that certain organs 
show inherent senescence processes, which are not under the control of the whole plant ; 
thus, flowers and fruits undergo senescence whether they arc allowed to remain on the 
parent plant or not. 

In addition to the various “internal” factors of the plant which are involved in the regu¬ 
lation of senescence, a number of external factors may affect the rate of senescence, includ¬ 
ing drought, mineral nutrition, light intensity and day-length, and disease. We shall mainly 
be concerned with a consideration of the internal factors, but the importance of environ¬ 
mental factors must also be borne in mind. 


THE BIOLOGICAL SIGNIFICANCE OF SENESCENCE 

If \vc are correct in regarding senescence in monocarpie plants as “genetically pro¬ 
grammed”, then this implies that the process of senescence has arisen as a result of natural 
selection and that it has certain biological advantages to the species. What arc these advan¬ 
tages? Why, for example, should it be any advantage to an annual species for the whole 
shoot to scnescc during the development and ripening of the fruit -why should the leaves 
and other parts of the shoot not remain green, as they do during the ripening of the fruit in 
many polycarpic plants? The answer to this question probably lies in the fact that during 
the ripening of annual plants there is considerable breakdown of proteins to amino acids, 
which arc exported from the leaves to the developing seeds and reutilized there as reserve 
material. For example, in the oat plant a large proportion of the nitrogen in the scncscing 
leaves is transported to the fruits and accumulated there. Thus, recovery of nutrients from 
senescing organs constitutes a valuable saving to the rest of the plant. Similar export of 
reserve material occurs during the simultaneous senescence of the leaves of trees in the fall, 
the exported material being stored in the stem in this case. However, another advantage of 
leaf fall in deciduous trees probably lies in the resulting reduced rate of transpiration, which 
is probably essential for survival in climates in which the soil is frozen during the winter 
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(p. 254), while at the same time the return of leaf material and its breakdown in the surface 
litter releases mineral nutrients to the soil which are available for rcutilization. 

Sequential senescence of the basal leaves of a shoot not only releases reserves of nitro¬ 
genous and other substances for the young growing leaves, but inay also bring about a 
saving of carbohydrates and other photosynthates where the basal leaves arc heavily shaded 
and hence might actually become “parasitic" upon the plant by importing photosynthates 
from other parts which they would only consume in useless respiration. Thus, it is not 
difficult to see how senescence, as an active “programmed” process, may have several 
advantages. 


THE MECHANISM OF SENESCENCE 

Our present knowledge of the physiology and biochemistry of senescence is derived 
mainly from studies on leaves (both attached leaves undergoing sequential senescence and 
detached leaves nr leaf discs) and on ephemeral flowers such as those of the Japanese 
Morning Cilory, Ipotnoea tricolor, the corolla of which opens and undergoes senescence 
within the space of only 24 hours (Fig. 12.10). 


Sequential Lcaj Senescence 

1 he first visible sign of senescence is yellowing of the leaf, due to the breakdown of 
chlorophyll which renders visible the other leaf pigments, particularly the xanthophylls 
and carotenoids. A study of the fine structure of sencscing leaves shows that there is pro¬ 
gressive degeneration of the membrane structure of the grana of the chloroplasts, accom¬ 
panied by the appearance of dense globules of lipid material (probably formed from the 
broken-down membranes) in which the carotenoid pigments dissolve. Other early changes 
involve the degeneration of the endoplasmic reticulum and the gradual disappearance of 
the ribosomes. The mitochondria retain their structure during the early stages of senes¬ 
cence, but later they undergo degeneration. The cells of the fully senescent bean leaf still 
retain an intact plasmalemma but the ton op last disappears, and the structure of the cyto¬ 
plasm and nucleus is almost completely lost, leaving the chloroplasts represented by vesicles 
containing lipid globules. 

These structural changes in the cells of the sencscing leaf arc accompanied by changes in 
composition and metabolic activity. The protein content of the leaf declines progressively, 
as a result of the breakdown of proteins to amino acids and amides (Fig. 12.2). There is also 
a progressive decline in the RNA content of the leaf, with a particularly marked fall in 
ribosomal RNA (Fig. 12.3). 

These degenerative changes are reflected in the rate of photosynthesis and respiration of 
the leaf. In Pehlla , the rate of photosynthesis declines gradually from the time of full leaf 
expansion, accelerating during the later stages of senescence (Fig. 12.4). In this species the 
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Fig. 12.2. Changes in protein and chlorophyll content of attached leaves of Pcrilla fruteuats 
from expansion to abscission. {From H. W. Woolhotisc, Symp. Hoc. Exp. Hioi 21 , 17*), 1%7.) 



Fig. 12.3. Changes in ribonucleic acid (RNA) content of attached leaves of pea (Pimm sativum) 
from completion of leaf expansion. (From K. M. Sinillie and G- Krotov, (..an. J. Hot. 39* W)\, 

1 % 1 .) 


trend in photosynthetic rate follows closely the level of the soluble protein fraction of the 
chloroplasts known as “Fraction 1” containing the enzyme, ribulosc-l,5-diphosphatc 
carboxylase, which catalyses the process of carbon dioxide fixation. 1 he trend in respiration 
rate seems to vary according to the species, but in some the rate appears to remain fairly 
constant until the final stages of senescence, when there is a sharp rise in respiration rate, 
corresponding to the “climacteric" observed during fruit ripening and senescence. 
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Fig. 12.4. Changes in rates of photosynthesis and respiration of attached leaves of Pm7/<? 
fruksu'm from completion ofexpansionto abscission.(From H. W. Woolhousc, asfor Fig. 12.2.) 


The question arises as to what initiates and controls the degradative changes occurring 
during leaf senescence. The observation that, in some species at least, the respiration rate 
remains constant during the early stages of senescence suggests that it is not changes in 
respiratory metabolism which cause senescence. On the other hand, we have seen that a 
constant concomitant of senescence is marked decline in the protein and RNA contents of 
leaves, and close attention has been paid to these changes as possibly indicating the “key” 
processes in senescence. Now, it has been shown that a certain proportion of the leaf protein 
undergoes continuous “turnover”, i.e. the protein is being continuously synthesized and 
broken down, so that the overall rate of change in protein content represents the net 
differences in the rates of these two processes. Where there is such a continuous turnover, a 
decline in protein content may reflect a fall in the rate of synthesis or a rise in the rate of 
breakdown, or both. 

1 he breakdown of protein is brought about by proteolytic enzymes. Studies on changes 
in proteolytic enzyme activity have given no indication of increased activity during leaf 
senescence, and hence it would appear that the decline in protein content is primarily due 
tea reduced rate of synthesis. One possibility that has been suggested is that the senescent 
leaf retains its full capacity for protein synthesis and that the rate of synthesis is limited by- 
lack of amino acids in the leaf. In a healthy, green leaf the aniino acids released by protein 
breakdown are reutilized in further protein synthesis. But it has been suggested that in a 
senescent leaf amino acids are exported to other parts of the plant so rapidly that there is no 
“pool” of tree amino acids available for protein synthesis, so that there is a decline in protein 
content (Fig. 12.5). It is, in tact, found that there is no appreciable accumulation of free 
amino acids in senescent attached leaves, no doubt due to continuous export. However, it is 
then necessary to explain why the supply of aniino acids should be limiting in a senescent 
leaf and not in a normal one. 
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Translocation 


Fig. 12.5. Diagram to illustrate (A) turnover o flea f protein, (B) the translocation hypothesis, 
and (C) the hypothesis of a detect in protein synthesis. (From E. W. Simon, Symy. See. Exp tiiol 
21 , 215,1%?.) 


Now, there is evidence that the sequential senescence of leaves arises from competition 
for metabolites and nutrients between old leaves at the base of the stem and young growing 
leaves in the apical regions. This conclusion is indicated by the fact that if a plant is decapi¬ 
tated and the axillary shoots are removed then the scnescenceof the older remaining leaves 
is greatly retarded and indeed loaves which arc already’ showing signs of senescence mav 
undergo a recovery and become green again, even if they were previously showing yellow¬ 
ing. The uppermost leaf of a decapitated plant may also undergo considerable growth and 
become abnormally large. Thus, it would appear that sequential senescence is a “correlative 
phenomenon”, and shows resemblances to apical dominance (p. 12‘>). Sequential senescence 
is more pronounced under conditions of mineral nutrient deficiency—for example, plants 
grown in too small pots frequently show marked senescence of the basal leaves, under which 
conditions there is presumably severe competition between young and old leaves for 
available nutrients, and in this competition the young leaves arc evidently at an advantage. 
However, the senescence of the older leaves can be retarded or reversed by the application 
of nitrogenous nutrients, such as ammonium nitrate. 

Thus, it is possible that the competition between young and old leaves results in a rapid 
rate of transport of amino acids from old to growing leaves and henee to a lower pool of 
these metabolites being available for protein synthesis within the old leaves. It is an essentia! 
part of this hypothesis that there should be active protein turnover, but in fully expanded 
Peril la leaves the “Fraction 1” protein is found to have zero turnover rate, i.c. there is no 
continuous synthesis and breakdown, and yet during senescence Fraction 1 declines more 
rapidly than a second fraction “Fraction 2”, which docs show’ active turnover. 

Another postulate of the hypothesis we arc considering is that the capacity for protein 
synthesis remains relatively unimpaired during leaf senescence. A convenient method for 
measuring the rate of piotein synthesis is to determine the rate of incorporation of radio¬ 
active amino acids, such as 14 C-Ieucinc, into protein. Similarly, the rate of RNA synthesis 
can be followed by the rate of incorporation of an RNA precursor, such as 14 C-adcninc. 
Studies of this type have shown that the capacity of tobacco leaves to incorporate H C- 
leucine and 14 C-adcnine declines during senescence, although quite yellow leaves retain 
some capacity to synthesize certain enzymes, such as peroxidase and ribonuclcasc {which 
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brings about the breakdown of RNA). It might be argued, however, that the decline in 
capacity for protein synthesis is the result, rather than the cause of senescence. Overall, 
nevertheless, it seems that protein metabolism in senescing attached leaves tnay be viewed 
as an unbalanced turnover reaction, with catabolism exceeding anabolism. 

Thus we see that some evidence supports the hypothesis that the decline in protein con¬ 
tent of attached senescent leaves is due to limiting levels of amino acids, rather than to a 
reduced capacity for protein synthesis, but that the evidence is not conclusive. Furthermore, 
it is known that when the young leaves arc removed from a plant, the remaining older 
leaves “regreen” and show a marked and rapid rise in RNA synthesis which precedes a rise 
in leaf protein level. Within 12 hours of removal of the young leaves from Perilla plants the 
incorporation of 32 P0 4 into cliloroplastic ribosomal RNA is stimulated in older leaves, and 
this change occurs before an effect is seen in the cytoplasmic ribosomes of the leaf. Results 
such as these suggest that very early events in leaf senescence involve changes in nucleic acid 
metabolism within the chloroplasts. 

We shall now consider an alternative approach to the problem of leaf senescence, in 
which use has been made of leaves, or portions of leaves, which have been isolated from 
the parent plant. Excision of a leaf usually results in the immediate onset of senescence 
processes in its tissues, and detached leaves or leaf discs therefore provide convenient 
material for experiments under controlled conditions, without the additional complication 
of correlative influences from other parts of the plant. 


Senescence of Detached Leaves 

So far, we have considered the natural senescence of leaves still attached to the plant, but 
it has been known for many years that when a green leaf is detached from its parent plant 
it rapidly deteriorates and shows signs of accelerated senescence. 

As with attached leaves, the visible signs of senescence arc accompanied by a decrease in 
the protein and RNA contents of the leaf. Protein breakdown commences remarkably soon 
after the leaf has been detached; tor example, protein breakdown is detectable 6 hours after 
excision of barley leaves. The breakdown of protein commences at the same rate whether 
the leaves are kept in the light or the dark, but the rate of breakdown later decreases in the 
light, whereas it continues at a high level in the dark (Fig. 12.6). The initial equal rates of 
breakdown in light and dark suggest that senescence is not triggered off by carbohydrate 
deficiency, although this factor may be important during the later stages of senescence in 
the dark. 

In detached leaves, protein degradation leads to the accumulation of amino acids and 
amides in the leaf, since they cannot be exported, as is the ease with attached leaves, although 
there may be accumulation at the base of the petiole where this is present. Thus, senescence 
can occur in detached leaves, or in leaf discs, even though there is a high level of amino acids 
within the tissues. Hence, under these conditions the reduced protein synthesis cannot be 
attributed to lack of amino acids. On the other hand, detached leaves show reduced capacity 
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for protein synthesis, as indicated by the reduced capacity to incorporate u C-leuemc into 
protein. Indeed, leafdiscs which have remained in the dark for several days lose this capacity 
completely. Thus, there seems no doubt that the decline in protein content observed in 
detached leaves arises from a reduced capacity for protein synthesis. 




Time since leaf was excised, hojfs 


Fig. 12.6. Changes in protein and soluble nitrogen in detached tobacco leaves. Following exci¬ 
sion, protcin-N declines and soluble-N increases. Leaves kept in darkness show these changes 
to a greater extent and are yellow and senescent after approximately 100 hours. (From H. H. 
Vickery et al., Connecticut Agrie. Exp. St a. (Sew Haven ) Bull . 374 , 557,1935.) 


It was observed that the rapid rate of protein breakdown in detached leaves is arrested if 
they are allowed to form roots (Fig. 12.7). Indeed, leaves which have been planted in soil 
and induced to form roots on the petiole will live for considerable periods. On these 
grounds, Chibnall suggested that roots must supply some “factor’ which is necessary for 
the maintenance of protein synthesis in the leaves, but the nature of this root factor 
remained unknown. However, it was later found that kinctin will prevent the senescence of 
detached leaves if applied to them in aqueous solution. Thus, ifa drop ofkinctin solution is 
applied to a senescing tobacco leaf, then the area of leaf which received the kinctin will 
remain green, although the surrounding leaf tissue continues to yellow (Fig. 12.8). Simi¬ 
larly, if discs of radish or Xatithium leaves are placed on a solution ofkinctin they still retain 
their green colour after the control discs (on water) have become fully senescent. Moreover, 
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Days afferexcising the leaves 


Fig. 12.7. Changes in capacity for protein synthesis (as measured by incorporation of 35 S- 
mctliioninc into protein) in leaves of Nicoiiana rustua. Note initial decline in capacity for 
protein synthesis, followed by recovery when roots appeared on petiole (indicated by arrow). 
(After von B. Partliicr, FloraJma, 154 , 230, 1964.) 



ot time of excision some doys loter 

Kinetin-treoted areas remain green 


Fig. 12.8. Effects of kinctin on leaf senescence. 


electron microscopic studies show that the kinctin-trcatcd discs still have the normal struc¬ 
ture of a green leaf. 

Thus, senescence in detached leaves can be prevented either (1) by the presence of roots, 
or (2) by application of kinctin and other synthetic cytokinins. It was, therefore, natural to 
consider whether the natural “root factor” which delays senescence is an endogenous 
cytokinin. It is of great interest, therefore, to discover that cytokinins are present in the root 
exudate from sunflower, grape and other plants, and this suggests that leaves may depend 
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on the supply of endogenous eytokinins from the roots, for the maintenance of a normal, 
green condition. We shall return to this question later (p. 2%). 

Not only do eytokinins delay senescence ot detached leaves, but they also cause a rapid 
increase in the rate of RNA and protein synthesis only a few hours after their application 
(Fig. 12.9); incorporation of precursors, such as 14 C-adenine or l4 C-cytidine, into all 
fractions of RNA appears to be increased by kinctin. Since protein synthesis involves the 
RNA “machinery” of the cell, the effect of eytokinins on protein synthesis is readily under¬ 
stood if their primary effect is upon RNA synthesis, but they may also delay senescence 
through their effect on the mobilization of metabolites (p. 295). The possible mode of 
action of eytokinins in stimulating RNA synthesis was discussed in an earlier chapter (p. 92). 




Fig. 12.9. Changes in (a) protein and (b) UNA content in kinctin- and water-treated halves ot 
undivided leaves of.\uoh'«m<j rustica. (After U. Wollgiehn, Horajata, 151, 411, 1%1) 


With most species, gibberellins do not affect the rate of senescence of leaf discs, but in 
Taraxacum, Rtunex , Tropachnn and a few other herbaceous species, gibberellins arc more 
effective in delaying senescence than eytokinins. On the other hand, auxins arc found to be 
relatively ineffective in delaying senescence in the leaves of herbaceous plants, but they arc 
active in this respect in the leaves of some deciduous woody perennials (c.g. cherry) and in 
pericarp tissues of dwarf beans (Phaesohts vulgaris). Applications of gibberellins may also 
delay the onset of senescence in leaves of some deciduous trees. 

Contrasting with the senescence-delaying effects of eytokinins, gibberellins and auxins, 
both abscisic acid (ABA) and ethylene appear to accelerate the processes of senescence in 
leaves. Exposing leaves on intact plants, or detached Icavcsor leafdiscs, to ethylene gas or to 
ABA usually results in accelerated yellowing. Fruit senescence (or ripening) is similarly 
speeded up by ethylene, and it is well established that ethylene plays an important role in 
the natural ripening of succulent fruits. Both ABA and ethylene inhibit RNA and protein 
synthesis in isolated leafdiscs of many species, which emphasizes that their effects in 
senescence are opposite to those of eytokinins and gibberellins. 
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Senescence in Flowers 

The evanescence of flowers is proverbial, and is normally a consequence of senescence 
in the corolla. In recent years, studies of the biochemical and physiological bases of flower 
senescence have tended to concentrate upon certain shortlived, or ephemeral, flowers such 
as those of the Ipomoca tricolor (Fig. 12.10). As also seen in leaves, it has been found that 
senescence in these flowers is accompanied by rapid tails in the levels of protein, RNA and 
DNA (Fig. 12.11). Exposure of newly opened flowers to ethylene causes petal fading 
and other senescent changes within 90 minutes, and it has been found that endogenous 
ethylene production rises at the same time that natural fading occurs and RNasc levels rise. 

The time-course of decreases in protein, RNA and DNA levels can be compared with 
changes in the levels of activity of hydrolytic enzymes such as proteinase, RNasc and 
DNase (Fig. 12.11), and it can be seen that the breakdown of nucleic acids occurs at the 
same time that nuclease activity increases dramatically whereas the level of proteinase is 
practically unchanged throughout senescence. It seems dear that the decrease in protein 
levels which occur during senescence is not brought about by changes in total proteinase 
activity present in the cells, but rather by some process which allows protcinascs to act on 
the cell proteins. The scnescing cells of the corolla, like those of senescing leaves, retain the 
capacity for synthesis of certain proteins (c.g. the RNasc that rises in activity during senes¬ 
cence is known to be synthesized do novo) and overall loss of protein therefore reflects an 
imbalance in protein turnover, as referred to previously (p.288), with catabolism exceeding 
anabolism. 

There is accumulating evidence that many of the hydrolytic enzymes present in plant 
and animal cells arc normally compartmentalized, in that they arc located in particular 
regions and kept separate from other cellular constituents. This prevents the occurrence of 
autolysis (uncontrolled selfdigestion) iu the cell. The regions, or compartments, which con¬ 
tain these hydrolyses are grouped together under the general term, the lytic compartment, 
which includes organelles such as lysosomes. As long as the lytic compartment remains intact, 
breakdown of cellular components is under control and is known as antophagy. The pheno¬ 
menon ofautophngy probably involves transport of substrate molecules across lytic mem¬ 
branes to come into contact with the hydrolases, followed by transport of hydrolysis 
products out of the lytic compartment. Because metabolism continues in senescent tissues, 
including protein synthesis, the lytic compartment is probably intact during most of the 
senescence process. The final step in senescence does, nevertheless, appear to be that of 
autolysis, involving rupture of the membranes of the lytic compartment. 


IVholc Plant Senescence 


As wc have seen, in monocarpic species, such as wheat ( Triticwn ), soybeans (Glycine /max) 
and French beans (Phaseolus vulgaris), senescence of the whole plant is usually associated with 
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he. 12.10, Development of the ephemeral corolla of Ipomoca tricolor. A. Mature flower bud 
in the early morning of the day of flowering. 11. Anthesis at 6 a,m. C. Rigid ribs responsible for 
the shape of the funnel. D. First signs of fading and wilting in early afternoon. E. Partially 
rolled-up funnel at 5 p.m, F. Corolla in the morning of the day after flowering. (From Ph. 
Matile, The Lytic Compartment of Plant Cells, Springcr-Vcrlag, Wien and New York, 1975. 

Original prints kindly provided by Professor Dr, Ph. Matile.) 
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Fig. 12.11. Senescence in the ephemeral flowers of Ipomoea tricolor. Top: contents of protein and 
nucleic acids, fluff urn. relative activities of proteinase and nucleases per corolla. The sketches 
below the time axis indicate the changing shape of the corolla—sec also Fig. 12.10. (From 
Ph. Matile, The Lytic Compartment of Plant Cells, Springer-Vcrlag, Wien and New York, 1975. 
Original print kindly supplied by Professor Dr. Ph. Matile.) 

the development of fruits. Thus, in the French bean plant, as the pods and seeds grow and 
approach their full size, there is perceptible yellowing of the leaves. When fully developed, 
the fruits yellow and ultimately lose water as they ripen, and at the same time the leaves and 
stems become progressively more senescent and in due course they die. Not only are plant 
senescence and fruit development closely correlated in time, but there does indeed appear 
to be a causal relationship between the two processes, as shown by the fact that removal of 
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all the flowers and young fruits from bean plants greatly delays senescence of the remainder 
of the plant. Moreover, the same effect is observed if, instead of removing the whole fruits, 
only the seeds are removed surgically from the pods. Thus, die presence of developing 
seeds appears to control plant senescence, suggesting that some “signal” is sent out from 
the developing seeds, which regulates senescence in other parts of the plant. 

Now, the developing seeds ot bean increase steadily in dry weight, and food reserves, 
including protein and starch, accumulate in the developing cotyledons. It is known that, at 
the same time, the breakdown of proteins and carbohydrates is occurring in the leaves and 
that amino acids, sugars and other metabolites are transported to the developing fruits. 
Similar effects are seen clearly in other species. It was, therefore, suggested by Molisch that 
developing seeds cause senescence in other parts of the plant by mobilizing and accumulat¬ 
ing not only carbohydrates but also amino acids and other substances derived from the 
leaves. 

The accumulation of reserve materials into fruits, tubers and other storage organs is well 
known. Similarly, actively growing meristcmatic regions, such as young leaves, arc known 
to be able to mobilize nutrients from other parts of the plant. Such centres of mobilization 
arc often referred to as “sinks” for nutrients. The manner in which mobilization by such 
sinks is achieved is not understood, since the mechanism ot phloem transport is itself still 
not understood. However, in recent years increasing evidence has appeared indicating that 
growth hormones may play an important role in mobilization effects. Thus, when kinctin 
is applied to a small area on a scncscing tobacco leaf, it is found that radioactive amino 
acids applied to the other parts of the leaf arc accumulated at the point of application of 
kinctin. Thus, metabolites appear to be “attracted” towards regions which have been 
treated with kinctin. It is possible that this effect of kinctin on the mobilization ot meta¬ 
bolites is a secondary one, arising from the stimulation of protein synthesis at the point of 
kinctin application, so that a metabolic “sink is created, which in turn causes movement 
of metabolites towards this point. However, Mbtlies was able to show that if aminoiso- 
butyric acid (which is not a naturally occurring substance and is not incorporated into 
proteins) is applied to a part of the leaf away from the point of kinctin application, it 
accumulates in the latter region, just as the natural amino acids do. Thus, on this evidence it 
would seem that kinctin may affect the movement of metabolites independently of any 
effect it has on protein synthesis. 

There is evidence that auxin-directed transport may also play an important role in the 
movement of metabolites in ripening bean plants. We have seen (p. 132) that metabolites 
tend to accumulate in regions of high auxin content and it is known that developing bean 
seeds arc rich sources of auxin. Thus, it is possible that the movement of reserve materials 
from the leaves into the developing seeds may be an example of auxin-directed transport. 
Evidence in support of this hypothesis has been obtained in the following experiment, I he 
fruits were removed from young bean plants, and a decapitated peduncle (fruit stalk) was 
allowed to remain on each plant. In some of die plants indole-acetic acid (I A A) in lanolin 
was applied to the peduncle stump and in other plants (controls) plain lanolin was applied. 
It was shown that when radioactive phosphorus, 32 P (in the form of orthophosphate), was 
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applied to the stem bases, it very rapidly moved up into the peduncles to which IAA had 
been applied, but very little moved into the peduncles to which only plain lanolin was 
applied. 

The hypothesis that plant senescence is brought about by the mobilization of nutrients 
by developing seeds would seem to be consistent with many observations, and if we postu¬ 
late that the leaves become depleted of amino acids as a result of their export to the seeds, 
we have essentially the same hypothesis as was suggested above for the sequential senescence 
of leaves. However, there arc certain observations which are difficult to reconcile with this 
hypothesis. Thus, it is found that in spinach (Spinada oJeracca), which is a dioecious species 
(with separate male and female plants), senescence of the wale plants follows flowering, 
just as in female plants, although such male plants do not, of course, carry any developing 
fruits; moreover, removal of the male flowers delays senescence of the leaves. Further, in 
an experiment with Xauthiitw pensylvanicum, it was found that if all buds were removed 
from plants before exposure to short days, so that no flowers could he formed, the leaves 
of these plants later senesccd at the same time as did those of plants which had been allowed 
to form flowers and fruit. On these and other grounds, the hypothesis that plant scncccnce 
can he explained simply in terms of the mobilization of nutrients by developing seeds is 
rejected by many workers. 

Since protein synthesis is controlled by the RNA apparatus of the cell, it is entirely 
possible that the presence of developing seeds brings about protein breakdown in the 
leaves through an effect upon their RNA metabolism. For example, some fractions of 
RNA undergo rapid turnover, and it may be that certain RNA precursors arc exported 
from the leaf to the developing seeds, and so arc not available for reincorporation into RNA 
in the leaf. A different explanation has been suggested, as follows. We have seen that leaves 
undergo rapid protein and RNA breakdown when they arc separated from the plant and 
it has been suggested that they are dependent on a continuous supply ofcytokinin from the 
roots for normal RNA metabolism. Now, seeds are found to be rich in cytokinins. It is not 
known whether the total cytokinin content of seeds is synthesized there, or whether 
cytokinins are mobilized there from other parts of the plant. If the latter were the ease, 
then it is possible that cytokinins produced in the roots are directed away from the leaves 
in the presence of developing seeds, with the result that the normal maintenance of the RNA 
apparatus of the leaf is not possible and hence protein synthesis is prevented, as in a detached 
leaf. One observation which is against this latter hypothesis is the fact that the senescence of. 
attached leaves cannot normally be arrested by application of kinetin, suggesting that they 
arc not deficient in cytokinin and hence their senescence must be due to some other cause. 
Thus, it would seem possible that the causes of senescence in a detached leaf arc not the 
same as those of an attached leaf which undergoes sequential senescence or in response to 
fruiting. 

It will be clear that although a number of interesting approaches to the problem of 
senescence in plants are being made, it is too early to be able to present a single overall 
hypothesis which will account for all the facts. However, in general one can recognize that 
the initiation of senescence involves an imbalance in the relative levels of growth hormones, 
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and that this change in hormonal status may he caused by either an environmental stimulus 
(such as short days) or by internal factors such as competition between spatially separated 
organs of the plant. Once set in motion, senescence involves autoplugv and eventually 
autolysis. 


SYNCHRONOUS LEAF SENESCENCE 

The synchronous senescence of leaves seen in deciduous woodv plants in the autumn or 
“fall” is so striking that is has given its name to this season of the year, in America at least. 
This type of leaf senescence ditlers rather markedly from sequential senescence in two 
respects. Firstly, it is primarily controlled by environmental rattier than ‘'internal” factors, 
such as competition between young and old leaves. Secondly, it appears to involve rather 
different hormonal factors. 

Two environmental factors appear to be involved in determining the onset of seneseenee 
in deciduous woody plants, namely, day length and temperature. It has long been known 
that short davs tends to promote leaf senescence in woodv plants such as I.iridodendron 
tulipifWa and Ailanthus ahissinuu Moreover, there have frequently been reports of delayed 
leaf fall in trees growing near street lights, so that they were exposed to long days as the 
natural daylcngth shortened. 1 lowever, if seedlings of woody plants are rendered dormant 
by placing them under short-day conditions in a warm greenhouse, main* species are found 
to retain their leaves in a green, healthy condition for several weeks at least. Thus, it seems 
likely that normal leaf fall is determined by short days in association with the low tempera¬ 
tures occurring in the tall, but precise experimental data on this matter are still lacking. 

Although environmental factors are very important in controlling synchronous leaf 
senescence, influences from the rest of the plant are evidently also operating, since if a disc 
is nearly cut out of a cherry leaf by means of a cork borer, leaving only a small connection 
with the rest of the lamina, this disc remains green long after the remainder of the leaf 
has become senescent. Thus, it would seem that synchronous, as well as sequential senes¬ 
cence, depends upon the export of materials from the leaf. 

Wc have seen that the senescence of excised leaves or leaf discs of herbaceous plants can 
be delayed by kinctin, and sometimes by gibbcrellin, but not by auxins. In woody plants, 
however, the reverse appears to be true. Thus, if a drop of the auxin, 2,4-1), is applied to 
cherry leaves in the fall, the areas receiving the auxin remain green long after the remainder 
of the leaf has become yellow. Similar results may be obtained with detached leaves of 
woody plants at all times of the year. Gibbcrellin will delay senescence of leaves of ash 
[Fraximts excelsior}. Just as application of kinctin and gibbcrellin enables the leaves of her¬ 
baceous plants to maintain their capacity for RNA and protein synthesis, so docs 2,4-1) 
for leaves of woody plants. Thus, it would seem that endogenous auxins probably play an 
important role in the natural senescence of leaves of trees. It is very likely that the influence 
of day length on leaf fall is exerted through its effect on endogenous hormone levels, since 
there are lower levels of endogenous auxins and gibbcrcllins in the leaves of woody plants 
under short days than under long days (Chapter 11). 
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Wc know little about factors controlling leaf senescence in evergreen broad-leaved trees 
and conifers. Some evergreen species may retain their leaves for several years. In some 
cases senescence of the older leaves occurs when a new suite of leaves is put out, suggesting 
that competition between old and new leaves may be important in such species. 


HORMONES AND ABSCISSION 

Shedding of both vegetative and reproductive organs and tissues is a naturally occurring 
process in all plants. Parts of plants are lost either by a process of death and withering, as in 
most monocotyledons and in plants such as potato with subterranean organs of perennation, 
or by the formation of abscission layers. The organ or tissue lying distal to the abscission 
layer falls to the ground by its own weight or by the action of an external force such as 
wind. 

Abscission, or separation, processes arc responsible for the shedding of tissues such as 
those of the bark of trees and the periderm in roots. However, because the loss of such 
tissues is usually continuous but slow, the phenomenon docs not lend itself readily to 
experimental studies. In contrast, the abscission of leaves, How ers and fruits tends to be much 
more rapid and dramatic, and is often of importance in agriculture and horticulture. These 
facts have resulted in very much more attention being devoted to gaining an understanding 
ot how abscission is achieved and regulated in such organs. 


Leaf Abscission 

In most plant species there conies a time during the life of each leaf when it is shed from 
the stem. This occurs most obviously at the end of the growing season in temperate regions 
of the world, but leaf fall is not confined to autumn. All through the summer in temperate 
areas, and all through the year in the tropics, there is a less conspicuous but continuous 
dropping of older leaves from plants. The process by which leaves (and also other organs 
such as fruits and flowers) are removed from the plant is known as abscission. The act of 
abscission ot an organ, such as a leaf, is usually achieved by the formation of a separation 
or abscission layer at the base of the petiole. I his is a thin plate of cells oriented at right angles 
to the axis of the petiole (Fig. 12.12). The walls of the separation layer cells become softened 
and gelatinous, so forming a weak region, which readily breaks under the strain of wind- 
induced movement of the leaf. 

It is a general feature ot abscission that, before the shedding process occurs, the organ that 
is to be discarded undergoes senescence. Senescence in a plant organ, such as a leaf, normally 
commences in its distal parts and spreads to the proximal regions. The last cells of the organ 
to undergo senescence are those situated immediately adjacent to the abscission zone, and 
at this stage the separation point is often clearly visible as a yellow/green junction. This 
junction therefore represents an interface between two physiologically dissimilar tissues, 
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FlC. 12.12. Longitudinal section through the abscission region of the base of the petiole ofa leaf 
of a typical dicotyledonous plant. (From J. Torrcy, Dtw/opmrnf in TWrriiic Pfonfj, Macmillan, 
New York, 1%7.) 


and it is the development of this interface at the abscission zone which signals the start of 
the abscission process. 

To begin to understand the process of abscission it is necessary to identify the particular 
characteristic of senescent tissue which initiates the biochemical events of abscission. Over 
the past 10 years it has become increasingly clear from research that it is the relatively high 
levels of ethylene produced by the senescent cells distal to the abscission zone which is the 
important regulatory factor. The ethylene generated in the sencscing tissues initiates the 
separation process in the abscission zone cells. In many plant species the whole of a senescent 
leaf produces large amounts of ethylene, whereas in others only sencscing tissues of the 
petiole show a rise in ethylene production. In either ease, however, the effect is to increase 
the ethylene concentration at the site of the abscission zone in the petiole. 

Abscission of leaves can be artificially induced by exposing plants to ethylene at a con¬ 
centration as low as 0T fA 1 _1 , but the leaves of different ages vary considerably in their 
sensitivity to the gas. The oldest leaves are the first to abscind, with the remainder being 
shed sequentially so that the youngest are the last to fall. This sequential pattern ot abscission 
response to exogenous ethylene appears to be related to variations in auxin levels in leaves, 
but the mechanisms by which auxin affects senescence and ethylene-sensitivity arc not yet 
understood. 
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Many of the experiments conducted on leaf abscission have involved the use of isolated 
excised abscission zones (usually a nodal cxplant bearing petioles of each of which the 
lamina has been removed). With such an experimental system it has been found that appli¬ 
cation of an auxin, such as IA A, to the cut end ofa petiole immediately after removal of the 
lamina will delay abscission, but that if the auxin application is delayed for some hours 
after lamina excision, then abscission may be accelerated rather than retarded. Because of 
this, it has been suggested that one can distinguish between phases in the abscission process 
—an initial “Stage 1 ” which is inhibited by auxin, and a “Stage 2” which may be promoted 
by auxin. It is likely that the explanation for the occurrence of these two stages is that during 
Stage 1 little or no senescence has occurred and applied auxin inhibits the senescence pro¬ 
cesses, but that by the time Stage 2 has been reached senescence is already occurring in the 
petiole of the explant and auxin is not able to bring it to a halt. As we have already con¬ 
sidered, scncscing tissues produce relatively large amounts of ethylene, and it is also known 
that auxin can promote ethylene synthesis. Thus, nodal explains in the senescent Stage 2 
condition respond to added auxin by producing even more ethylene, and the abscission 
zone cells are already in an ethylene-sensitive condition, so that the result is an acceleration 
of the abscission process. 

In summary, our present understanding of the regulation of leaf abscission envisages the 
following sequence of events: (a) the basipctal development of senescence of the lamina in 
response to an environmental stimulus or sonic internal “signal”, (b) the development of 
sensitivity to ethylene in the cells of the abscission zone, (c) a rise in ethylene levels in 
senescent cells, particularly those immediately distal to the abscission zone, to a critical level 
ol approximately 1 ill g 1 hr ' 1 , and (d) a scries of biochemical and physiological res¬ 
ponses to this ethylene in the cells of the abscission zone and in the nonseiiescent cells 
lying immediately below the zone, which culminate in cell separation in the abscission 
layer. We consider below the cellular events which lead to cell separation, but before doing 
so it is appropriate to raise the question of what it is which controls the rate of production 
of ethylene in scncscing cells distal to the abscission zone. 

Evidence exists that during senescence of leaf cells there is release ofa non-volatile sub¬ 
stance which accelerates abscission. This has been termed the “senescence factor”, or “SF”, 
by Osborne. It has been suggested that abscisic acid (ABA) may be the SF, since applications 
of ABA can cause leaf senescence and abscission in a number ot plant species. However, 
several lines ofcvidcncc argue against identifying SFas ABA. Thus, changes in endogenous 
A BA levels in leaves do not correlate well with time of leaf abscission, and it has been found 
that although exogenous ABA appears to affect directly the rate of ethylene production in 
some species, in others it appears to act by accelerating senescence directly but only in¬ 
directly inducing an increase in ethylene synthesis and rate of abscission. The SF, in contrast, 
is known to both accelerate abscission and have an immediate stimulatory effect oil ethylene 
production. It would appear, therefore, that SF is a regulator of ethylene biosynthesis. 
The SF is present in both young healthy leaves as well as in old scncscing leaves. However, 
SF is in a non-water soluble form in young leaves (but is extractable witli organic solvents) 
but is water-soluble in scncscing leaves. The significance of these observations on SF is not 
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at all clear at the present time, but it is tempting to speculate that the release of SF in leaf 
cells detected by Osborne may be the same phenomenon as the release of homocysteine 
from a cellular compartment in scnescing dowers ofOpoimva mVe/or that results in increased 
ethylene synthesis (p. 66). 

The act of leaf separation itself, which is the response induced by ethylene at an appro¬ 
priate concentration, consists of two distinct processes: (a) enhanced cell growth in the 
region immediately proximal to (below) the separation layer, and (b) the synthesis and 
secretion of cell-wall-digcsting enzymes by the same cells, which degrade the walls of the 
senescent cells above and lead to the separation ol the two tissues, (irowth of the cells 
proximal to the separation point is marked by rises in their rates of RN A and protein syn¬ 
thesis. A significant effect ot this growth is to increase the physical pressure on the cells of 
the abscission layer, and also to provide the basis lor the formation of a wound, or scar, 
tissue to seal the rupture surface after the leal has been shed. The wall-degrading enzymes 
synthesized and secreted by the growing proximal cells consist of a range of appropriate 
polysaccharide hydrolases, including endopolygalacturonase and cellulase (/3-t,4-gluca- 
nase), whose effects would be expected to be the weakening of cell to cell cohesion. The 
effect of ethylene on these enzymes is to enhance both their rates of synthesis and secretion 
through the plasmalenima of the proximal cells (Fig. 12.13). It is intriguing to note that the 



Fig. 12.13. A comparison of the time-courses of development of polygalacturonase activity and 
occurrence of abscission in Citrus sinensis leaf cxplants incubated in either air or in air containing 
10 ppm ethylene. (Adapted from J. Riov, Plant Physiol. 53 , 312-16,1V74.) 
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enzymes appear to be secreted only, or mainly, from one side of the layer of proximal 
cells; that which abuts the thin layer of abscission cells. 

Once the walls of the abscission zone cells have been sufficiently weakened by the action 
of polysaccharide hydrolases, the final act of breakage is probably purely mechanical, aided 
not only by external forces such as wind action, but also by the cell enlargement on the 
proximal side of the separation layer and dehydration of the senescent tissues on the other, 
which together provide shearing forces in the abscission layer. 


Fruit Abscission 

Abscission phenomena are also shown by flowers and fruits. Thus, an abscission zone is 
commonly found at the base of the pedicel of the flowers in many species, if pollination 
and fertilization fail to take place. Similarly, even when successful fertilization has occurred, 
an abscission zone, leading to fruit-drop, may be formed at various stages during the 
development of the fruit. This is well seen in certain varieties of apple, in which there may 
be three peak periods of fruit drop: (I) immediately after pollination (“post-blossom” 
drop), (2) soon after growth of the young fruits (“June drop”), and (3) during ripening 
(“pre-harvest drop”). 

For some species it lias been shown that the periods of fruit-drop coincide with periods 
of low auxin content in the fruit and conversely the times of low drop rate occur when the 
auxin content is high. This situation is found in the blackcurrant, in which we have already 
seen that it is possible to correlate growth rate with the levels of two auxins, one acidic and 



Flo. 12.14. Changes in the content of an unknown acidic auxin in the blackcurrant berry, in 
relation to the rate of fruit drop. (From S. T. C. Wright,J. Ilort . Sri. 31 , 196, 1956.) 
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one neutral (Fig. 5,19). It has also been shown rhat there is a second acidic auxin the levels 
of which show a different pattern of variation which correlates inversely with the rate of 
fruit abscission (Fig. 12.14). This situation is analogous to that in leaves, therefore, where 
the formation of an abscission layer is associated with diminished auxin levels in the lamina. 

On the other hand, in other species it has not been possible to correlate the variations in 
rate of fruit-drop with auxin levels and it seems likely that in such cases other factors play a 
role in determining fruit-drop. Indeed, there is little doubt that ethylene is involved in the 
control of fruit, as well as leaf, abscission, tor this substance promotes fruit senescence and 
abscission. 
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CHAPTER 13 


The Control of Development 


Wr havp. now considered plant development from several rather different standpoints. 
In the first two chapters we considered development from the viewpoint of the experi¬ 
mental anatomist and morphologist. Then we examined the action of growth hormones 
and discussed their roles in various aspects of growth and development. Finally we con¬ 
sidered the physiology of flowering, senesc ence and dormancy, bringing in the effects of 
external factors, such as daylcngth, and internal factors, especially hormones. In the present 
chapter we shall examine some more general aspects of development. 


GENES AND DEVELOPMENT 

So far we have paid little attention to the gcnctical aspects of development, and yet every 
organism is, by definition, the product of the interaction between its genetic potentialities 
and the environment, and in the final analysis development lias to be described in terms of 
activities of genes. 

The fact that developmental processes are basically gene-controllcd is self-evident, since 
genetic variations are known which affect almost every aspect of development, ranging 
from external morphology (leaf and fruit shape, flower colour, etc.) and internal anatomy 
to physiological characters, such as growth rate, flowering time and length of dormancy 
period. Thus, there seems no doubt that the pattern of development followed by any 
individual is determined primarily by the “programme” laid down ill its genetic code. 

During development there is progressive differentiation of organs and tissues, giving 
rise to a wide range of different types of cell. Not all the genes of the total gene comple¬ 
ment arc operative all the time and in all parts of the plant, however. Thus, the genes con¬ 
trolling flower development arc apparently not normally operative in the embryo, nor 
during the purely vegetative phase of development. However, wc know that the cells of a 
vegetative organ such as a leaf contain the genes required for flower development, since a 
complete new flower-bearing plant may be regenerated from leaf cells in certain species. 
Since, therefore, differentiation in plants apparently does not entail any genetic (i.e. 
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inheritable) differences between the nuclei of various types of cell and tissue, it must involve 
differences in gene expression in different parts and at different stages of the life cycle. 

Since development is such an orderly process it must require that the right genes are 
expressed in the right cells at the right time. That is to say. development is essentially a 
process involving selective gene expression, and the concept that development involves the 
activity of specific groups of genes, which in turn control the synthesis of the enzymes and 
other proteins characteristic of specialized cells, is called the i wj.iM- vvm* expression theory of 
differentiation. There must be some means of regulating the expression of specific genes 
during cell differentiation and, since development is a very orderly process, there must be 
some mechanism for determining the sequence of gene expression. Therefore we have to 
consider how selective gene expression may be achieved. 


The Control of Gene Activity 

Gene expression involves (1) transcription of the 1)NA sequences to form messenger 
RNA, (2) translation of the information in the m-RNA into amino acid sequences in the 
polypeptide chain of enzyme and structural proteins, (3) activity of the enzymes in various 
reactions to give yoic products. The essential features of these processes are too well known 
to require detailed elaboration here. Before we can discuss the control of selective gene 
expression in development, however, we need to consider how't’iv/r (Wtviiy, at the trans¬ 
criptional level, may be regulated. Information on this subject is almost entirely restricted 
to prokaryotic micro-organisms, especially the bacteria, which we will consider first. 


Bacteria 

Some enzymes of bacteria arc present all the time and are said to be constitutive. On the 
other hand, other enzymes arc only formed when their substrate is present in the externa! 
medium. For example, when the bacterium, Escherichia toll, is grown in the absence of a 
galactoside (i.e. a compound containing the sugar, galactose, linked to another, non-sugar 
molecule), only traces of the enzyme ^S-galactosidase are formed, but as soon as a galactoside 
is added, the rate of synthesis of this enzyme increases enormously. I his type of enzyme is 
said to be inducible. Removal of the substrate results in the almost immediate cessation of 
enzyme synthesis. 

Contrasting with this process of enzyme induction is the repression of enzyme synthesis 
seen in other enzyme systems. For example, when E. coli is grown in the absence of the 
amino acid histidine, the enzymes involved in the production of histidine arc actively 
synthesized. As soon as histidine is added to the medium the enzymes cease to be synthe¬ 
sized. In this instance, therefore, there is repression of enzyme synthesis. This phenomenon is 
called “end-product repression”, since the product of the sequence of reactions, in this 
case histidine, inhibits the formation of the enzymes concerned w ith its own biosynthesis. 
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The result is that if the end-product is supplied from outside, it inhibits its own synthesis, 
and hence the cell ceases to make any more of the compound. 

The phenomenon of enzyme induction and repression led Jacob and Monod to propose 
a general theory for the control of gene activity in bacteria, which we shall now describe 
briefly. The gene which determines the structure of a specific enzyme protein is referred 
to as a structural gene. The synthesis of m-RNA is assumed to be initiated only at certain 
regions or operators of the DNA strands (Fig. 13.1). In some instances a single operator may 
control the transcription of several adjacent structural genes into m-RNA. The segment of 
I )N A thus controlled by a single operator is referred to as an “operon”, which may contain 
one or several structural genes. 


Structural 



Regulatory metabolite 
(Effector) 

Fig. 13.1. Scheme illustrating the control of protein synthesis according to the theory of Jacob 
and Monod (see text). 


The rate of transcription of structural genes is controlled by other genes referred to as 
regulator genes. A regulator gene forms a cytoplasmic product or repressor. The repressor 
formed by a given regulator gene is assumed to have an affinity for certain specific operator 
genes, with which it binds. This combination blocks the production of m-RNA by the 
whole operon controlled by the operator, and therefore prevents the synthesis of the 
specific proteins controlled by the structural genes of the operon. 

A repressor (R) has the property ot reacting with certain small molecules, called “effec¬ 
tors” (F) expressed as follows: 

R + F ^ RF 

In inducible systems only the R form of the repressor is active and blocks the transcription 
of the operon. The presence ofan effector (or inducer) inactivates the repressor and therefore 
allows messcngcr-RNA synthesis to proceed. By contrast, in rcpressiblc systems only the 
combined RF form of the repressor is active. Synthesis of m-RNA by the operon, allowed 
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in the absence of the elector {or repressing metabolite), is, therefore, prevented in its 
presence. These ideas arc summarized in Fit;. 13.1. 

The repressor may be an "allosteric” protein, with two active sites, one able to react with 
the operator and one to react with the inducing or repressing molecule. It is supposed that 
when the repressor combines with an inducer its shape is deformed somewhat, so that it 
can no longer react with the operator, which is therein ‘Merepressed". 

There is much evidence in support of the existence in bacteria of the type of regulator 
system postulated by Jacob and Monod, but there is no evidence to suggest that it exists also 
in higher plants. Moreover, even in bacteria the Jacob and Monod hypothesis apparently 
applies to the regulation ot only a tew enzymes. 1 lowcver, genes are known in maize which 
appear to show some ot the characters ot regulator genes. Thus, a locus in maize known as 
"Activator” (Ac), appears to be a master locus for a second locus, “Dissociation" (Ds). 
which is unable to function in the absence of Ac. i)s, in turn, a fleets the expression of a 
number of other genes, and hence is analogous to an "operator” gene in bacteria, while Ac 
may be regarded as the “regulator". 

For example, under certain conditions Ds causes C, which gives coloured aleurone in 
the grains, to behave as it it were the colourless recessive allele, c. Thus I)s appears to 
“repress" the action of C. On the basis ot these and other observations, McClintock has 
postulated that the chromosomes of higher plants contain both genes and "controllers”, 
which regulate the action ot the genes. 

It is not difficult to construct models, based upon the Jacob and Monod theory, which 
would explain several features ot differentiation in plants, as wc shall see later (p. 313). 


Higher Plants 

Wc do not vet know whether the bacterial type of control system is operative in cuka- 
rvotic organisms, including higher plants, in which the DNA is contained in a nucleus and 
organized into chromosomes at nuclear division. In fact, evidence is accumulating which 
suggests that a somewhat different mechanism may be involved in the control of gene 
activity in higher plants and animals. 

It has long been known that the nuclei of plant and animal cells contain not only DNA, 
but also significant amounts of protein, most of which is histone, a type of protein which is 
basic in nature, due to the high content of the basic amino acids, lysine and arginine. The 
possible role of histones in repressing DNA has been studied, particularly by J. Bonner and 
his co-workers, by using preparations of chromosomal material referred to as chromatin . 
Chromatin is prepared by disruption of the tissues by homogenization, filtering and selec¬ 
tive sedimentation by centrifugation. In this w'ay relatively pure interphase chromosomal 
material may be prepared and its properties studied in vitro. Such chromatin contains DNA, 
histone, a small amount of non-histonc protein and a small amount of RNA. It may also 
contain the enzyme RNA-polymcrasc, which is responsible for the linking of nucleotides 
during the synthesis of m-RN A. 
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Rotated chromatin is capable of synthesizing RNA when supplied with the nucleoside 
triphosphates of the four RNA bases, guanine, adenine, cytosine and uracil. It is thus possible 
to study the RNA-synthesizing capacity of DNA from various types of plant material. 

It has been shown, for example, that chromatin extracted from dormant potato buds has 
lower RNA-synthesizing ability than chromatin from non-dormant buds, suggesting that 
possibly dormancy involves rather extensive repression of DNA. Similar results have been 
obtained with chromatin prepared from dormant and non-dormant hazel seeds. These 
observations do not, of course, show that histone is involved in the repression mechanism, 
the chief evidence for which is provided by the finding that when the histone is removed 
from chromatin, the deproteinized DNA is found to have very much greater RNA- 
synthesizing activity than chromatin not so treated. This has been reportedly demonstrated 
by the finding that removal of the protein, including the histone, from pea-bud chromatin 
derepresses the genes for globulin synthesis. 

One difficulty for the hypothesis that histones act as gene-repressors is the fact that rela¬ 
tively few types of histone are known to occur naturally, whereas there is a large number 
of genes, each of which would seem to require a specific repressor. A further problem is the 
fact that histones are not present in the bacterial chromosome and yet there is effective gene 
activation and repression in bacteria. Indeed, the repressors in bacteria appear to be specific, 
non-histone proteins. It seems likely, therefore, that if histones do function as gene repres¬ 
sors they can only do so in relatively non-specific manner, as possibly in dormancy, and that 
the fine control of gene activity is effected by non-histone proteins. Indeed there is evidence 
that regulation ofspecific gene activity may involve acidic proteins of which a considerable 
number of different types arc present in the nucleus. Furthermore, work on plants suggests 
that acidic nuclear proteins may regulate RNA synthesis and the course of differentiation. 

Levels oj Control of Gene Expression in Development 

Control of selective gene expression in development has been postulated to be effected 
at various stages in the chain of processes occurring between the gene and its end product, 
including the following: 

(1) transcription, i.e. by the selective transcription ofspecific genes; 

(2) translation, i.e. by selective translation of specific tn-RNAs at different stages,of 
differentiation; 

(3) enzyme activation, i.e. by selective activation of pre-existing enzymes. 

The most direct and efficient method of controlling selective gene expression would 
appear to be at the transcription stage, since most messenger RN As appear to have a rather 
short life and it would appear to be inefficient it a large number of mRNAs arc continually 
produced, only a few of which are engaged in protein synthesis at any one time. 

It seems very probable, on a priori grounds, therefore, that development involves the 
selective activation and repression of specific genes in the proper sequence, but since we 
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do not know how gene activation is controlled in eukaryotes, including higher plants, and 
we have no means of separating and identitying specific in-RNAs, this hypothesis cannot 
be tested by direct experiment at present. However, by using inhibitors of transcription, 
such as actinomycin D, it is possible to demonstrate indirectly that various aspects of 
development, such as flowering (p. 243), arc probably dependent upon the synthesis of now 
m-RNAs. 

On the other hand, there are instances where control appears to be effected at the trans¬ 
lation level in plants, as in the germination of seeds (p, 28< I). There is also increasing evidence 
for the existence of mechanisms for controlling selective en/yme activation. 

It is clear that control of translation and enzyme activation must occur in the cytoplasm, 
whereas transcriptional control must occur in the nucleus. 1 lowever, even events occurring 
in the nucleus are profoundly influenced by the cytoplasmic environment in which it is 
sited. Indeed, there is a complex interplay between the nucleus and the cytoplasm which is 
well illustrated by studies on the marine alga, Aeehibuiitrio, and the aquatic fungus, lil.uto- 
cliidiella. 

Acetabularia consists of a single, giant cell, which has a rhizoid and a cylindrical stalk 
(Fig. 13.2). The stalk grows in length at its apical end and ultimately forms a circular cap 



Fig. 13.2. Plants o( Acetabularia mfditcrrcmcj. 
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consisting of a considerable number of sections called “rays”, in which large numbers of 
cysts arc ultimately formed and released; the cysts give rise to isogametes after shedding. 
There is a large central vacuole, with a boundary layer of cytoplasm inside the wall, and 
the single nucleus lies in the cytoplasm at the rhizoid end. 

Acetabularia shows considerable capacity for regeneration and if the stalk is cut off 
above the rhizoid the latter will regenerate a new stalk and cap. However, even parts lacking 
a nucleus can regenerate. For example, if a young stalk which has not yet developed a cap 
is separated from the rhizoid, so that it lacks a nucleus, it will survive for a long time and 
will ultimately form a cap. 

1 Afferent parts of the cell may be grafted together. If the apical part of the young stalk 
is cut off and pushed over the basal part of another plant containing a nucleus, it will con¬ 
tinue to grow and develop normally. Grafting may also be carried out between various 
species of .■ Uetabularia, which differ in the shape of the cap. If an anucleatc section of one 
species is grafted to a nucleate base of another species, the regenerated plants show mainly 
the characters of the species which supplied the nucleus. 

These various results seem to show that development is ultimately under the control of 
the nucleus, but that there are long-lasting effects of the nucleus on the cytoplasm, which 
can continue and complete morphogenesis even if the nucleus is removed. It has been 
suggested that certain “morphogenetic substances”, possibly messenger-RNA formed in 
the nucleus, are present in the cytoplasm and persist over long periods. 

Although cap formation depends upon the presence of stable morphogenetic substances 
formed in the nucleus, the expression of the genetic information is controlled and effected 
by regulatory mechanisms in the cytoplasm. The information passed from the nucleus to 
the cytoplasm can evidently remain unexpressed for several weeks, and the time of cap 
formation appears to be determined by events that take place in the cytoplasm rather than 
the nucleus. Control of gene expression in Acetabularia therefore appears to be at the 
translational level. 

These latter conclusions are supported by the results of studies on the aquatic fungus, 
Hlasrot’ldtiicfla emersonii. The zoospores of this species, which lack cell walls, have a single, 
posterior flagellum. There is a nuclear cap which surrounds one end of the nucleus and 
contains large numbers of pro-formed ribosomes. The zoospores are released into the 
water and settle on a solid substratum where they enter a short period of encystmcnt, during 
which they undergo rapid and radical changes in structure. These changes include the 
breakdow n of the nuclear cap and release of the ribosomes, which become dispersed 
throughout the cell. In about 10 minutes a small germ rube appears, indicating the com¬ 
mencement of germination (Fig. 13.3). 

Studies on protein and nucleic acid synthesis have shown that RNA synthesis docs not 
begin until much later (40 45 minutes after cncvstmcm) and this is followed in a further 
30-41 > minutes by protein synthesis and then T)N A synthesis. Thus, germination takes place 
apparently without any RNA or protein synthesis. Moreover, inhibitors of RNA and 
protein synthesis do not prevent encystmcnt and germination, so that it would appear 
that the necessary ribosomal transfer and messenger RN As are all present in the zoospores 
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before they encyst, and polysome formation can be seen to occur during early germination. 
These structural changes occurring during encystmenr and germination apparently require 
only the protein and RN A present in the zoospore when it is released, but the later stages of 
germination do appear to require new protein synthesis. 


Zoospofe encystmenr 



Fit;. 13.3. Diagram of roosporc germination ami early development in lihnknltidieUfratuTstinu. 
Symbols: b, basal body; g, gamma particle; m, mitochondrion; rib, ribosomes, nr, nuclear tap; 
nil, nucleolus; n, nucleus; lg, lipid granules; a, flagellar axmienie; cw, cell wall; r, rhi/oid; f, 
flagellus; v, vacuole; RC-I, round cell 1, HC-II, round cell II. (Irum (i. J. Leaver and J. S. 
Lovett, Perspectives in Experimental Biology, Ed. N. Sunderland, I'crgamon Press, Oxford, 
pp. 229-311,1976.) 


Wc have also seen that there is evidence that protein synthesis during the early stages of 
germination of seeds depends upon pre-formed m-RNA (p. 2N0). 1 bus, although it seems 
very probable that development involves selective gene activation and repression at the 
DNA level, the m-RNAs released into the cytoplasm arc not necessarily immediately 
involved in protein synthesis, and the translation process offers another stage at the time 
of gene expression may be controlled. Other types of control of gene expression have been 
suggested but there is little conclusive information on this crucial question for an under¬ 
standing of development. 
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Biochemical Differentiation in Higher Plants 

Ultimately the processes occurring during cell differentiation arc terminated and the 
cell reaches the “steady state” of the mature condition, in which metabolism is maintained 
continuously (except, of course, in the case of non-living cells such as those of the xylem). 
The visible manifestations of differentiation include variations in the development of the 
cell wall and of certain cytoplasmic organelles, such as plastids, It is clear that differentiation 
must also extend to certain aspects of metabolism when it is remembered that some tissues 
arc specially adapted for particular functions, such as photosynthesis, secretion and storage 
of reserve materials. Such differentiation almost certainly involves differences in enzyme 
production, which in turn implies the maintenance of differences in gene activation and 
repression between various cells even in the mature state. 

Many basic metabolic pathways arc probably operative in all living cells of the plant. 
This must apply to the main pathways involved in the respiratory breakdown of carbo¬ 
hydrates, for example. On the other hand, there is much evidence that various tissues differ 
in their biosynthetic abilities. For example, it is found that the isolated roots of many species 
require the supply of certain vitamins, including thiamin, pyridoxine and nicotinic acid 
when grown in aseptic culture. It appears that in the intact plant these vitamins are synthe¬ 
sized in the shoot and are supplied to the roots. Similarly, callus cultures of certain plant 
tissues, including tobacco pith tissue, require to be supplied with auxin and evtokinin in 
order to maintain cell division in culture (p. 145). Evidently tobacco pith cells do not have 
the ability to synthesize auxin and cytokinin and hence require an exogenous supply. 
However, this inability of pith cells to synthesize the two hormones is not due to any perma¬ 
nent loss of the potentiality to do so, as shown by the fact that cytokinin-rcquiring callus 
cultures can be “habituated” (p. 145), so that they become cytokinin-independent. Studies 
on the bacterial disease of plants, known as “crown gall”, also have a bearing on this topic. 
Infection by Agrobaiteriuni tumifaciens brings about the transformation of normal plant 
tissue into rumour tissue, and once transformed it will continue to grow as tumour tissue 
indefinitely (p, 145), As a result of infection the normal tissue lias apparently undergone 
a profound and stable change. It is found that the tumour tissue will grow actively ill 
sterile culture without the addition of auxin and cytokinins, indicating that it can now 
synthesize its own hormones. Transformation is brought about by the transfer of a sec¬ 
tion of bacterial DNA (“plasmid") to rite plant cell. Presumably this bacterial DNA 
segment cither carries genes for cytokinin biosynthesis or causes activation of the section 
of the plant genome controlling cytokinin biosynthesis. 

The inability of roots to synthesize certain vitamins, and of tobacco stem tissue to 
synthesize auxins and cytokinins, provides rather strong evidence that cell differentiation 
involves the activation of certain genes and the repression of others. It would be of interest 
to know whether the mcristematic cells of the shoot apex of tobacco have the ability to 
synthesize cytokinins; if so, then it would seem that one of the processes occurring during 
cell differentiation in the stem is the repression of the enzymes responsible for auxin and 
cytokinin synthesis. Such a change in synthetic ability might, indeed, explain the transition 
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from cell division to cell expansion seen in the apical region of both shoot and root. On the 
other hand, all cells of the shoot may lack the capacity for biosynthesis of cytokinins and 
may depend upon supply of this hormone from the roots (p. 29U). 

Wc do nor know how these permanent differences in biosynthetic ability are maintained 
bur Jacob and Monod have shown that it is not difficult to construct ‘'model" circuits, 
based upon the bacterial repression concepts, which would result in certain incites being 
permanently switched on. One very simple circuit is shown in Fig. 13.4, in which the 



J 
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Fig. 13.4. Hypothetical model ot a circuit for control of enzyme synthesis in which the inducing 
substance is the product of the controlled enzyme. Synthesis of enzyme F. genetically deter¬ 
mined by the structural gene SG, is blocked by the repressor synthesized by the regulator gene 
R.G. The product P of the reaction catalysed by enzyme E acts as an inducer of the system by 
inactivating the repressor, O, operator; S, substrate. (From F. Jacob and J, Monod, ('.yto- 
diffrrnituition and Molvcultir Synthesis (HA. M. Locke), Academic Press, New Ynrk and London, 

1%3.) 


inducer is not the substrate but the product ot the controlled enzyme system. Such a system 
is known to occur in bacteria. In the absence of an exogenous inducer, the enzyme will not 
be produced, unless already present, but temporary contact with an inducer will cause the 
system to become "locked” indefinitely, at least so long as either substrate or product is 
present. Suppose, for example, that theoperon in Fig. 13.4 is responsible for the biosynthesis 
of a hormone, such as cytokinin or gibbcrcliin, and that in a dormant seed the operon is 
repressed. Then a single treatment with exogenous hormone will activate the operon and 
from then on the seedling w'ould be able to synthesize its own hormone. 1 he stimulation 
of endogenous auxin synthesis by a single application of exogenous 1A A in fruit set (p. 125) 
may provide a similar example. It is quite easy to construct other models which would 
account for the permanent suppression of certain enzymes. Thus, in the model illustrated 
in Fig. 13.5, the product of one enzyme acts as an inducer for the other, so that the two 
enzymes arc mutually dependent. One could not be synthesized in the absence of the other, 
and inhibition of one enzyme or elimination of its substrate, even temporarily, would 
result in the permanent suppression of both. 

There is no evidence that determination and differentiation involve this type of mechan¬ 
ism, but these circuits do illustrate that it is possible to construct models which would 
account for the observed facts, within the concepts of bacterial repressor mechanisms. 
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li<.. 13.5. Model circuit in which the product of one enzyme acts as an inducer of the other. 
Synthesis of enzyme Hj, genetically determined by the structural gene SC*, is blocked by the 
repressor synthesized by the regulator gene KG|. Synthesis of another enzyme E z , controlled by 
structural gene SG 2 , is blocked by another repressor, synthesized by regulator gene RG 2 . The 
product P t of the reaction catalysed by enzyme E 1 acts as an inducer tor the synthesis ot enzyme 
H 2 , and the product l 1 * of the reaction catalysed by enzyme E 2 acts as an inducer for the synthesis 
ofcu7ymc E,. O, operator; S lt S 2 , substrates. (From F.Jacob andj. Mound, Cytodiffnentiatmt 
<wil Molvaihir Synthesis (Ed. M. Locke), Academic Press, New York and London, 1963.) 

THE CONTROL OF DIFFERENTIATION 
The Canalization o f Development 

So far, ill this chapter, we have been considering some of the possible mechanisms which 
control the activation and repression of genes. We now have to consider these processes 
in relation to development of the organism as a whole. 

We have seen that development ofa flowering plant involves a series of successive stages, 
starting with the differentiation of the embryo into root and shoot, followed by the forma¬ 
tion of organ initials, and ending with tissue differentiation within the individual organs. 
Superimposed on this pattern are the major changes in development represented by the 
transition to the flowering phase and the onset of dormancy. The orderly manner in which 
the successive stages follow each other in a regular sequence is one ot the most striking 
features ot development. This phenomenon is well illustrated in the development of a 
flower, where not only is there a regular sequence in the initiation ot the various flower 
parts (perianth, stamens and carpels), but within each of these there is an equally regular 
pattern of development. 

The transition from one stage of development to the next would seem to involve a 
process of successive gene activation, in which certain previously repressed genes come into 
action and others become or remain repressed. Direct evidence of successive gene activa¬ 
tion is provided by insect development. As is well known, the cells in some organs of 
Drosophila and certain other flies have “giant" chromosomes, formed by the repeated repli¬ 
cation of the DNA strands, without nuclear division. These giant chromosomes thus each 
consists of large numbers of single chromosome threads lying parallel to each other and 
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aligned so that corresponding regions of the various threads are opposite to each other, to 
give a characteristic banded appearance. Each hand appears to correspond to a single gene 
or operon. At certain stages of development of the insect one or more of these bands swells 
up and forms a “puff” of what is apparently RNA. It would seem that the occurrence of 
puffing indicates that a particular gene is active at that time. Different tissues have charac¬ 
teristic puffing patterns, and these occur at specific periods of development. Moreover, if 
the moulting hormone, ccdysone, is administered to a larva the pulling pattern changes 
rapidly, as the insect enters a new phase ot development. We have no direct evidence of 
successive gene activation during development in plants, but it seems very likely on a prion 
grounds, that this does occur. 

It development involves an orderly sequence ot expression ol large numbers ot genes, 
this raises the question as to how such gene control is achieved. Clearly specific genes must 
be expressed in the right cells at the right time. 

The successive stages of development can be regarded as a process of “programme 
selection”, in which there is divergence into alternative pathways ot further development 
at various critical points of time and space. This divergence may occur at the cellular level, 
as when two daughter cells of a common mother cell show divergent patterns ot differentia¬ 
tion, or it may occur in the differentiation ot organs, or even in the shoot apex as a whole, 
as in the transition from the vegetative to the flowering phase. Furthermore, we saw that 
once an organ, such as a leaf priinordium, passes a certain stage of development, it becomes 
irreversibly “determined” as a leaf (as opposed to a bud) and cannot normally then be 
converted into any other structure (p. 35). 

This successive commitment of different parts of the developing organism to specific 
pathways of differentiation has been referred to as the “canalization of development”. 
The development of the embryo appears to involve canalization into several major 
pathways, as a result of which there is determination of root and shoot regions, and with 
the establishment of an organized shoot apex the basis is laid for the initiation of various 
organs (leaf, bud, stem), which is maintained throughout the subsequent vegetative phase 
of the plant. 

It will be seen that the general features of development raise a number of major problems 
viz. (1) how are divergent patterns of differentiation initiated in cells which previously 
shared a common origin?; (2) how arc such differences maintained through subsequent cell 
divisions?; (3) how is the regular sequence of successive changes seen in development 
achieved? 

Our knowledge of these matters is still very fragmentary, but wc shall discuss the first two 
problems in relation to the phenomena of unequal cell division and determination, Wc have 
no knowledge of how the co-ordinated sequence of events in development arc achieved 
but the regular sequence of changes seen in the development of an organ such as a leaf or a 
flower strongly suggests that once these particular pathways have been entered, then all 
the subsequent stages follow inexorably, as “chain reactions in which the attainment of 
one stage seems to trigger off the next one. If this latter type of mechanism is involved, then 
it would imply that the pattern of developmental events is predetermined, at least for 
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certain organs, and that development is primarily controlled by an internal mechanism, as 
if the organism is an internally programmed piece of equipment which, once it is switched 
on, will automatically go through a regular sequence ofactivitics, each of which is triggered 
off by the preceding one. 

A mechanism of this type has been suggested for Hower development. It is postulated 
that once the transition to the flowering stage has begun, a gene complex A is activated in 
the first formed primordia, and these genes produce an inducer X which moves to the next 
set of primordia and there activates a gene complex 13, and so on through the different 
classes of organ. This hypothesis postulates the occurrence of short-range intercellular 
“messengers” or “hormones”, but the existence of such substances has yet to be demon¬ 
strated. 

By contrast with the “internally programmed” type of development we have just been 
considering, we have already seen that certain stages of the lifecycle, notably flowering and 
bud dormancy, may be controlled by environmental factors such as dayleiigth and tem¬ 
perature. In plants showing photoperiodic control of flowering, it is clear that the onset 
of flowering is not rigidly predetermined as part of a sequence of internally programmed 
changes, hut may be controlled by a factor of the external environment, In this case the 
day length conditions may control gene switching through phytochrome. 

'I hus, we apparently have two rather contrasting types of control mechanism. Internal 
programming, such as wc see in leaf and flower development, appears to be particularly 
characteristic of organs of determinate growth, whereas environmental control appears to 
be more common with changes involving the shoot apex, as in the initiation of flowers and 
dormant resting buds. However, this distinction between the development of organs of 
determinate and indeterminate growth patterns is not absolute, since light also plays an 
important part in normal leaf development (p 196). 


Unequal Cell Division 

One of the central problems of development concerns the nature of the processes where¬ 
by cells of common lineage are caused to diverge into alternative pathways of differentia¬ 
tion. One such process is by unequal division of a parent cell, leading to two daughter cells 
which subsequently follow divergent patterns of differentiation. 

This process can occur at various stages in the life cycle, from the initial division of the 
zygote to the final stages of cell differentiation in an organ such as a leaf. 

As we have seen (p. 24) the early development of the zygotes of flowering plants also 
involves an unequal division but the orientation of the spindle of the first division is 
evidently determined by the surrounding maternal tissues of the ovule, so that the root end 
is always towards the micropyle and the shoot end away from it. The cytoplasm of the un¬ 
fertilized egg of Capsella is highly polarized tor up to one-halt of the micropvlar end is 
filled with a large vacuole, whereas the chalazal end contains the nucleus and much of the 
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cytoplasm (Fig. 13.6). The first division gives rise to a smaller, denselv cytoplasmic cell 
which forms most of the future embryo, and a larger vacuolated cell which forms the 
suspensor. 

Unequal division also plays an important role in cell differentiation in the later stages 
of development of higher plants. In the root epidermis of some species, including certain 
grasses, root hairs arise from daughter cells formed by the unequal division of certain 
epidermal cells. These cells have their long axis parallel to the root axis, and it can be seen 
that the cytoplasm of these cells is more dense at the apical end. Mitosis occurs and a trans¬ 
verse cell wall is formed in a position which gives rise to a small daughter cell with dense 
cytoplasm and a larger cell with less dense cytoplasm (Fig. 13.7). The root hair initials are 
normally formed only from the smaller cells. 



Fic. 13.6. Electron micrograph of the zygote of Cap sell a htirsa-pastorif, showing polarization of 
the cell as manifested by the occurrence of the nucleus lying in the dense cytoplasm at the 
micropylar end {(eft) and a large vacuole at the chalazal end (right). (From Sister Richardis 
Schultz and W. A. Jensen, Amcr.J . Bot. 55 , 807-19,1968.) 
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l ie. 13,7. Left; Formation ot trichoblasts (root hair initials) in the root epidermis of Hydrodiaris 
mmus-rathw. Unequal division has given rise in each case to a small cell which is the trichoblast 
and a large cell which is the epidermal cell (c). (From E. G. Cutter and L. J. Feldman, Amcr.J. 
Hot. 57 , WO 201, 1070.) 

Rijiht: Development of root hair initials in the grass Phkum pratettse, at successive stages of 
development (a c). The smaller cells formed by unequal division (a) gives rise to the root hair 
cell (c). (From E. W. Sinnott and R. Bloch. Proc. Sat. Acad Sri., U.S.A. 26 , 223-7. 1939.) 


A similar situation is seen in the development of the stomatal guard cells of certain mono¬ 
cotyledons. Here also, certain epidermal cells of the developing leaf show unequal division, 
and cut oft a small cell with densely staining cytoplasm at one end, and a larger cell at the 
other (Fig. 13.8). The smaller cell becomes a stomatal mother cell and it undergoes a further 
division, at right angles to the first division, and the two daughter cells so formed are in 
this case identical and give rise to the guard cells. Thus, where a parent cell shows polarized 
differences in the cytoplasm along its axis, division is unequal and leads to differentiation 
between the resulting daughter cells, but where the plane of division appears to divide the 
cytoplasm equally, the resulting daughter cells are identical. 

The fact that unequal division is preceded by polarized differences in the cytoplasm is 
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well illustrated in the development of pollen grains in which the spindle is oriented so that 
one of the daughter nuclei passes to the end of the cell at which there is denser cytoplasm, 
and becomes the generative nucleus, whereas the other daughter nucleus moves to the 
region of the cell with less dense cytoplasm and becomes rhe vegetative nucleus (Fig. 13.8B). 
Occasionally the plane of the spindle accidentally becomes oriented items the axis of the 
pollen mother cell, and in this case two equal cells are formed and the further development 
of the pollen grain is disturbed (Fig. 13.8C). 



Fig. 13.8. A. Unequal division in formation of stomatal guard cells in leaf of a monocoty- 
lcdonous plant. Epidermal cells undergo unequal division with the formation of a smaller 
stomatal mother cell {nucleus shaded) and a larger cell {nucleus not shaded). Chloroplasts 
develop in the stomatal mother cell, which divides again at right angles to the plane of the first 
division to produce two daughter cells which develop into the guard cells. 

13, C. Development of pollen grain. 

13. Normal development. Nucleus divides so that one of the daughter nuclei moves to the 
region of more dense cytoplasm at one end of the cell and becomes one generative nucleus. 
The other daughter cell nucleus becomes the vegetative nucleus. 

C. Abnormal development. Nucleus divides at right angles to the normal plane. Daughter 
nuclei thus remains in the same cytoplasmic environment, and two equal colls arc formed which 
disrupts the further normal development of the pollen grain. (Redrawn from E. 13unnmg, 
Hatuibuth Protoplasmaforschung, Vol. VII, Vienna, 1958.) 

It is not known how the polarized differences in the cytoplasm in the mother cell arise 
in the first instance, but the process of division itself is likely to lead to polarization, since 
the end of a daughter cell at which the equator was formed is likely to contain a different 
distribution of organelles from the end at which the pole of the spindle occurred. 

In most of the examples we have just considered, the cells derived from unequal division 
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do not themselves undergo further division, but differentiate directly. In some instances, 
however, the derivative cells from an unequal division undergo several more divisions. For 
example, in plants of the castor bean (Ricinus communis) there are secretory cells which con¬ 
tain tannin and unsaturated fatty acids. These cells rise from an initial unequal division, and 
one daughter cell undergoes a series of divisions to give rise to a row of cells, each of which 
becomes a secretory cell. Thus, the differential state can apparently be transmitted by cell 
lineage in some instances. 

The question arises as to whether unequal division, followed by transmission of the 
resulting differences through further cell division (i.e. by cell lineage), are normally in¬ 
volved in other aspects of differentiation. When we consider certain lower plants, especially 
the algae and bryophytes, the importance of unequal division in differentiation is quite 
clear. For example, in the alga, Chara, and in mosses and many ferns, the single apical cell 
divides unequally, the outer daughter cell continuing as the apical cell and the other giving 
rise to differential thallus cells after a second unequal division (Fig. 13,9). In certain mosses 
and a few pteridophytes, such as certain species of SclagincUa, the various tissues of the 
mature stem can apparently be traced back to precise divisions of the single apical cell and 
its immediate derivative cells, so that differentiation here also appears to arise by unequal 
division followed by transmission by cell lineage. However, in the shoots of other pteri¬ 
dophytes and of seed plants, it is not possible to trace anv clear relation between the pattern 
of cell division at the shoot apex and the differentiation of the tissues derived from it. 



Fig. 13.9. Segmentation of a tetrahedral apical cell of a lower plant as seen in median section. 
(From Clowes, 1961.) 


DETERMINATION IN PLANT CELLS 

We have been considering the various processes whereby cells which hitherto had 
showed a common lineage diverge into alternative pathways of development. Once a 
group of cells has become committed to a particular pathway it usually follows the 
normal” pattern of development through to completion and it is unusual for it to revert 
to an earlier stage or to make the transition into some other pathway. Thus, leaf primordia 
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do not become buds or stems, and although abnormalities may sometimes occur during 
dower development, with reversion to a vegetative apex, such instances are relatively rare, 
and at certain critical stages a particular part of the organism is said to become ‘’deter¬ 
mined” in respect of its further differentiation. We have already seen an example of such 
determination in the development ot leal primordia (p. 37). How this irreversible com¬ 
mitment which occurs during determination is brought about is completely unknown, 
but it seems necessary to make a distinction between (1) a situation in which the pattern of 
development is controlled by influences outside the cell and (2) one in which the cells under¬ 
go changes which result in intrinsic differences in their developmental potentialities, An 
example ol the first situation is seen in the transformation of an apical meristem from the 
vegetative to the flowering condition in response to a photoperiodic stimulus. As we have 
seen, hormonal factors appear to play an important role in this developmental switch. The 
second situation, in which intrinsic differences arise during development has been little 
studied in plants, although its occurrence in animals is well established, as shown bv the 
various phenomena included under the heading ot “cell determination”, in which the 
possible paths of differentiation of a given cell lineage become progressively restricted 
during the development of an animal embryo. Probably the reason for this neglect of the 
phenomena by botanists is that they have been fascinated by the“totipotency” of plant cells, 
as illustrated by the capacity of differentiated cells, such as leaf cells, to regenerate whole 
plants and the potentiality for producing embryos from almost any part of the carrot 
plant (p. 149). However, evidence for the occurrence ot determination in plant cells and 
tissues is not lacking and it is shown most clearly in shoot apices. 

It might seem paradoxical to suggest that meristens exhibit determination, since 
mcristematic cells arc normally regarded as essentially cells which arc undifferentiated and 
uncommitted. However, wc have already considered two or three examples of determina¬ 
tion in shoot apical meristens, viz. in vernalization and in phase change in woody plants. 
As we have seen, vernalization of rye embryos leads to intrinsic changes in the develop¬ 
mental potentialities of the cells of the shoot meristem so that they become capable of 
flower initiation. Once the apical meristem of rye has become fully vernalized all the cells 
derived from it arc in the vernalized state, which is apparently transmitted through cell 
division without “dilution” (p. 232). Although the vernalized state is a very stable one, 
the new embryos produced by a vernalized plant arc not themselves vernalized and hence 
“devemalization” must occur during normal gamctogcncsis. 

“Phase-change” in woody plants (p. 250) provides another example of determination 
in apical meristems. There is no doubt that phase change involves intrinsic changes in 
meristematic cells, since if sterile callus cultures, derived from juvenile and adult stem 
tissue of ivy, are grown on the same nutrient medium, differences in the two cultures can be 
recognized, with “juvenile” cultures maintaining a higher rate of growth and more 
abundant root regeneration than the “adult” cultures. Evidently wc arc dealing with two 
relatively stable alternative states of determination which do not involve genetic change 
(since the adult shoots produce seeds from which juvenile seedlings develop), but which 
can be transmitted through cell division without loss of determination. 
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A further example of stable differences in shoot apical meristems is provided by the 
alternation of free living gametophytes and sporophytes in ferns and other lower plants. 
Normally the gametophyte is haploid and the sporophyte is diploid, but the differences in 
morphology and life cycle between the two generations cannot be ascribed to the difference 
in ploidy, since it is possible to produce experimentally diploid or tetraploid gametophytes 
and haploid sporophytes. 

These various phenomena must all depend upon activity of different parts of the genome 
in the alternative states. The differences between shoot and root apices may also provide an 
example of determination, since they are stable structures which normally retain their 
identity over many cell generations. 


Differentiation in Apical Meristems 

We have so tar considered from a general standpoint the concepts of unequal division 
and determination. We now have to consider how far we can apply these concepts to inter¬ 
pret differentiation at various levels, viz. as between shoot and root, and at the organ, 
tissue and cell levels, as established at the apical meristems. 

We have seen that the establishment of root and shoot poles in the embryo of higher 
plants is preceded by an unequal division in the zygote. Thus, the major division of the 
plant body into root and shoot is established at the earliest stages in development. Once 
established, the shoot and root meristems are very stable structures, and it is extremely 
rare for a shoot mcristem to be converted into a root meristem and vice versa. Moreover, 
the stability of the root meristems is intrinsic in those organs themselves and is not depend¬ 
ent on influences from other parts of the plant, since isolated roots of tomato and other 
species can be maintained in aseptic culture for many years without the appearance of any 
buds, although they require to be supplied with thiamin and other vitamins, which arc 
normally supplied by the shoot in intact plants. Tlius, different biosynthetic pathways arc 
active in roots and shoots and it is clear that these pathways are strongly “locked”. 

It is commonly assumed that the cells in the shoot and root meristems are intrinsically 
uncommitted and that the different patterns of differentiation in the two organs lies in the 
structure and organization of the meristems themselves. However, an alternative hy¬ 
pothesis is that the mcristcmatic cells of the shoot and root apices have become determined 
along “shoot” and “root” pathways of development respectively, i.e. that intrinsic 
differences in gene activity have been established, which are not caused primarily by the 
cellular environment in which they occur. This suggestion is in conflict with the current 
opinion that meristcmatic cells are completely uncommitted with respect to their future 
pattern of differentiation, but we have seen that in the phenomenon of phase-change, shoot 
apices can exist in two alternative but stable states (juvenile and adult). Since callus tissues 
derived from juvenile and adult shoots clearly exhibit intrinsic differences even when 
grown in isolation in aseptic culture (p. 321), it is possible that the differences in organization 
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and structure between juvenile and adult apices arises from the intrinsic, “determined’* 
differences in the potentialities of their constituent cells. 

On this basis it is logical to suggest that, by analogy, the characteristic structures and 
properties of root and shoot apices may arise from intrinsic differences in the developmental 
potentialities (though not in their generic potentialities) of their constituent cells, rather 
than that the differences in the patterns of differentiation in root and shoot apices is the 
result of the organization and biochemical activities of the apices. Thus, the question at 
issue is whether the “locking” ot mcristematic cells into root or shoot pathways is a function 
of the multicellular structure and organization of the meristeins, or whether it is an in¬ 
trinsic function ot the individual cells and is akin to other examples of determination. It is 
impossible on the present evidence to decide which of these alternative hypotheses is valid. 

The establishment ot root and shoot apices in the embryo is a major step in the overall 
differentiation of the plant body and further development involves differentiation at the 
organ, tissue and cell levels (p. 21). The question we now have to consider is whether 
unequal division and determination play essential roles in differentiation at these other 
levels. 

We have seen that in lower plants having single apical cells, the proximal daughter cell 
is formed by unequal division of the apical cell and gives rise to mature tissue after a 
limited number of further divisions, and that it is possible to trace the cell lineages from the 
apical cell to the mature cells. It is diHicult to identity the initial (promeristein) cells in roots 
of higher plants, but it is nevertheless possible, by studying the patterns of cell division, to 
trace the cell lineages back to the margins of the quiescent centre. Thus, the cell lineages 
which ultimately form specific tissues in the mature root (central cylinder, cortex, epidermis 
and root cap) can be seen to be established very close to the promeristen itself. 1 lowcver, we 
do not know whether the cells of any given lineage are already determined to give rise to 
certain tissues; that is to say, we do not know whether ( 1 ) the developmental potentialities 
of the early derivatives of the initial cells of the promeristein are already different and that 
these differences are transmitted through further divisions and so give rise to the various 
tissue zones of the mature root, or ( 2 ) the cell lineages are, at first, still capable of giving rise 
to any of the main zones of the root, and only later is the pattern of differentiation imposed 
on them by some unknown process. 

The fact that in some roots cell lineages can apparently be traced back to specific layers 
of cells in the meristem region is consistent with the Histogcn Theory put forward by 
Hanstcin in 1868 according to which three mcristematic zones or histogetts can be recognized 
in both shoot and root apices, known as plerotttc, periblcm and dermatogen, which were held 
to give rise to the vascular cylinder, cortex and epidermis, respectively. Thus, according to 
the Histogen Theory, initiating cells of the various tissue regions arc separate, and destined 
to give rise to different regions of the mature root. It is possible, therefore, that the quiescent 
centre does, indeed, contain cells of different developmental potential. 

Although the histogcn concept is still a tenable hypothesis for root meristems, it docs not 
appear to be applicable to shoot apices of higher plants for the following reasons. Firstly, 
the vascular tissue of leaf traces is formed from cortical cells and the pattern of development 
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of these traces appears to cut across any potential histogen boundaries that might be held 
to occur in the apical region of the shoot. Secondly, we have seen (p. 39) that the shoot 
apex lias the properties of a self-organizing entity, with the capacity for self-regulation and 
regeneration. If this is so, then it would appear that the pattern of differentiation within 
the shoot apex is imposed on its constituent cells by the properties of the structure as a 
whole, whereas the hypothesis that differentiation involves an unequal division and the 
establishment of lineages of determined cells implies that the organization and properties 
of the apical region are determined by the intrinsic properties of its constituent cells. 

Although it has been argued above that the difference between shoot and root apices 
may be dependent upon a degree of determination in the mcristcmatic cells, it should be 
noted that this is not incompatible with the view that, so far as the differentiation of organs 
and tissues within the shoot apical region is concerned, it is the properties of the apex as a 
whole which regulate the pattern of differentiation rather than unequal division and the 
establishment of histogens. 

The rather complex interactions between what might be referred to as the “intrinsic” 
and “organizational" influences affecting differentiation in shoot and root apices may be 
summarized as billows: 

(1) It is possible that the differences in structure between root and shoot apices depends 
upon intrinsic (determined) differences between their mcristcmatic cells. 

(2) Organogenesis and tissuedifferentiation in the shoot apex are regulated by theorgani- 
zation and properties of the apex as a whole. 

(3) It is not clear whether differentiation in the root apex is partly regulated by its 
organizational properties, but the patterns of cell lineage are not inconsistent with the 
possible existence of histogens established close to the quiescent centre. 


HORMONES AND DIFFERENTIATION 

So tar we have discussed mainly the role of intrinsic cell factors in differentiation, but 
we now have to consider the second situation referred to earlier (p. 316), namely that 
where the pattern of differentiation is controlled by factors external to the cell, and espec¬ 
ially the role of hormones. By definition, the term hormone can be applied to a growth 
regulating substance only where it leaves the cell in which it is formed and affects another 
cell. 

We have already met a number of instances where a hormone, or a combination of 
hormones, brings about a qualitative change which can be regarded as an aspect of differ¬ 
entiation, including: 

(1) the induction of buds and roots in callus tissue by the combined action of IAA and a 
cytokinin (p. 148); 

(2) the induction of vascular strands in callus tissue and in cortical and pith tissue in stems 
by IAA (p. 118); 
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(3) the interaction of l A A and GA 3 in the differentiation of vascular tissue (p. 121); 

(4) The initiation of adventitious roots in stem tissue in response to IA A (p. 135). 

(5) the induction of flowering and control of sex expression by gibberellins, auxins and 
ethylene (p. 242). 

Although these appear to be valid instances in which hormones appear to stimulate 
differentiation, most of the effects of hormones appear not to control selective gene ex* 
pression directly, but rather to stimulate growth and differentiation in cells and tissues 
which arc already “programmed” to differentiate in a specific manner. We have seen that 
each type of hormone has a wide range of effects and that the same hormone may have 
quite different effects in different tissues. For example, IAA may stimulate cell vacuolation 
in young fruits and in developing intemodes, but it stimulates cell division in the cambium 
and it is necessary for the formation of the secondary wall in xylem differentiation. Again, 
GA 3 will stimulate internode elongation in many plants, and the synthesis of ac-amylase in 
barley alcuronc. Thus, in plants the specificity oj hormone action resides in the “target” tissue 
itself and the hormone does not seem to determine the pattern of selective gene expression. 

It also has to be borne in mind that only five main types of endogenous hormone have 
so far been identified, whereas during the life cycle of the plant differentiation must involve 
the regulation of large numbers of genes in the right cells in the right sequence, and it seems 
unlikely that the same small number of hormones could regulate the expression of so many 
genes. However, it is possible that the establishment of the major developmental pathways 
involves the regulation of certain “master genes” controlling the activities of a large 
number of subordinate genes, which become activated during the subsequent stages of 
differentiation. Indeed, it is a striking feature of certain aspects of differentiation that it 
appears to involve the co-ordinated expression of blocks of genes, as in the development 
of a leaf or a flower. The number of major steps in the development of a higher plant in¬ 
volving master genes is probably quite small and it is possible that interaction between the 
known hormones may play a controlling role at sonic of these steps. 

For the reasons already given, it seems unlikely that the known hormones act as specific 
“effector” substances in gene expression and possibly the finer control of gene activity 
involves substances with a higher specificity of action, such as protein or KN A molecules. 
Indeed, there is evidence that hormones hind with specific proteins and, if this is the case, 
then the specificity of hormone action in any given type of target cell may depend upon 
the receptor protein rather than on the hormone molecule. It is possible, therefore, that 
determination involves the production of specific receptor proteins and that differentiation 
will subsequently follow a predetermined pattern when the hormones become available 
to bind with the proteins. 

Animal embryologists apply the term competence to the capacity of cells to respond to a 
developmental signal in a predetermined manner. Although competence in plants is less 
well recognized, there seems little doubt that an analogous phenomenon occurs in plants. 
A particularly clear example is provided by the effects of hormones on the cambium. As 
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wc have seen (p. 121), both IAA and GA 3 stimulate cambial division and IAA is necessary 
for the differentiation of the cambial derivatives into xylem elements, while phloem 
development is promoted by high G A 3 levels. However, the normal pattern of differentia¬ 
tion of the cambial derivatives into xylem on the inner side and phloem on the outer side 
is apparently not controlled by the hormones but reflects a difference in competence of the 
derivative cells on the two sides, since if a segment of the cambial region is excised from a 
Ricinns hypocotyl and replaced in the reverse position, the xylem is now formed on the 
outside and phloem on the inside (p. 120). Another good example of the phenomenon of 
competence is seen in the responses of specific cells on the flanks of the apical mcristem of 
Lolium tvmuknUm to a floral stimulus (Fig. 10.6). Wc have no idea how the competence 
of specific groups of such target cells is determined, and this remains yet another of the un¬ 
solved problems of development. 


SHOUT-RANGE CELL INTERACTIONS IN PLANTS 


Cell interactions mediated via hormones may occur over short or very long distances, 
but we now have to consider short-range, ccll-to-cell interactions in plants. In animals, 
short-range cell interactions arc well established. Firstly, since animal cells are motile and 
different cell types may become intermingled ir is necessary that they should have the 
capacity for cell recognition, to enable them to distinguish between cells of the same and of 
a different type from themselves. This function appears to be fulfilled by the occurrence of 
recognition substances, especially proteins, in the cell surfaces. Secondly, in animal em¬ 
bryos certain tissue types have the capacity for inducing differentiation in neighbouring 
cells with which they are in contact and there is strong evidence that this effect involves 
diffusible substances capable of moving from the inducing to the induced cells. By contrast, 
somatic plant cells are not motile and the need tor the capacity for cell recognition is not 
apparent, but sexual reproduction in plants, on the other hand, docs involve motile cells 
and there is now increasing evidence for cell recognition mechanisms in pollen/stigma 
interactions in higher plants. 

The discovery of cell-recognition processes in plants arose from studies on incom¬ 
patibility in flowering plants. Many plant species have genetically determined incom-’ 
patibility systems which prevent self-fertilization and hence promote outbreeding. In 
tftimetophytic self-incompatibility there are one or more gene loci each with multiple alleles 
(S 1 ,S 2 ,S 3 , etc.) and the S allele borne by each pollen grain is expressed phenotypically 
when it alights on the diploid stigma, rejection occurring when the same allele occurs in 
both pollen and stigma (Fig. 13.10). In this type the pollen germinates and the tube pene¬ 
trates tile stigma, but growth is arrested either in the stigma or in the transmitting tissue 
of the style before fertilization can occur. In sporophytic self-incompatibility the behaviour 
of the pollen grains is determined by the genotype of the parent plant, and dominance may 
be demonstrated (Fig. 13.10). In this system, the “self” pollen grain starts to germinate 
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Fig. 13.10. Gamctophytic (A) and sporophytic (B) sclt—incomp.ttibility. In the gamctophytic 
system, the S allele expresses its own phenotype during pollination on the diploid stigma, 
whereas in the sporophytic system, the phenotype of all pollen grains is determined by the 
genotype of the parent (SiS 2 ). In both systems illustrated, the left-hand pollinations arc sdf- 
iiicompatible and the right-hand ones compatible for(a) Sj pollen grains of the gamctophytic 
system, and (b) for all pollen grains of the sporophytic system, assuming that Sj is dominant. 


and the tube may even penetrate the stigma surface, but growth is arrested thereafter, so 
fertilization is again prevented. 

The walls of pollen grains consist of tw o layers, an outer cxinc and an inner intine. In 
many species the cxinc is complex and includes cavities containing proteins, and the intinc 
also contains proteins. The exine proteins arc derived from the tapetum of the anther and 
so are sporophytic in origin, whereas the intinc proteins are formed later in the pollen 
grain itself. When a pollen grain alights on a moist stigma surface, the cxinc proteins are 
released and diffuse into the stigma surface within a few minutes. It can be shown tiiat 
the pollen cxinc proteins bind with proteins in the stigma surface. In die families Crticiferac 
and Compositae, with the sporophytic system, the pollen grain swells and germinates, but 
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in incompatible matings growth of the tube quickly stops, and the tip becomes occluded 
with callosc (a /J-l, 3-linked glucan). A counterpart reaction is induced in the contiguous 
stigma cells, which also produce callosc deposits on the inner surface of the wall at the point 
of contact with the incompatible grain. The callosc depositions arc not formed in com¬ 
patible matings, and the tube continues growth to effect fertilization. Even non-viable 
pollen can produce the callosc responses, but washed pollen does not do so. Even extracts 
of pollen will produce the callosc response and such extracts have been shown to 
contain glytoproteins. Thus, the reaction at the stigma surface can discriminate between 
wall proteins of different origin. 

In plants showing the ganietophytic system of self-incompatibility the response depends 
on interactions in the stylar canal or transmitting tissue, or in sonic cases, such as the 
Gramineae, in the stigma. Where the response is early, the in tine-born proteins of the 
pollen grain may be involved, but where it is delayed the synthesis of the incompatibility 
factors probably takes place during the later growth of the tube. The interaction is with the 
interstitial material of the transmitting tract, which is rich in glycoproteins. The arrest of 
the tube in the (Jramineae is accompanied by the deposition of callosc, but there is no 
counterpart reaction in the stigma. In species with delayed tube inhibition, such as in the 
Solanceae, the tube tip may become occluded, or it may burst with the release of particles 
containing callosc precursors. 

Little is known as to the nature of events occurring between the recognition reactions 
involving binding between pollen and stigma/style proteins and the subsequent rejection 
responses including the inhibition of tube growth and the deposition of callosc. In the 
sporophytic system as exemplified by the Crucifcrae, however, it seems likely that a diffus¬ 
ible substance is produced at the binding site on the stigma surface which stimulates the 
synthesis of callosc, since this compound would not otherwise be formed in the stigma 
papillae. The response is in some respects similar to that induced in plant tissues by invading 
pathogens. 

Although much remains to be elucidated regarding the nature of the pollen/stigma 
interactions it seems clear that the recognition of “self” from “not self” pollen is achieved 
through the initial binding reactions between pollen and stigma proteins. 

It is not yet possible to say whether analogous recognition reactions occur between 
somatic cells of the plant body, but it may be significant that grafts between certain geno¬ 
types are successful and others unsuccessful. Little is known as to the molecular basis of 
acceptance or rejection between grafted tissues in plants, although a great deal is known 
regarding the corresponding phenomena in animals. It is possible, however, that cell 
recognition responses, analogous to those in pollcn/stigma interactions, occur between 
plant somatic cells. 

There is increasing evidence that glycoproteins play an essential role in cell-recognition 
phenomena in both plants and animals. Such glycoproteins are of widespread occurrence 
in plants, especially in seeds, but their function has hitherto remained unknown. From the 
evidence presented above, however, it seems very probable that the glycoproteins released 
from the cxinc of pollen grains function as recognition substances. 
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POLARITY AND PLANT FORM 

It is self-evident that plant species show characteristic form and one aspect of this form 
is that there is typically a well-developed longitudinal *v«r, bearing lateral organs such as 
leaves and flowers. Differences occur along the axis, so that the two ends are not the same 
—for example, the plant axis is usually differentiated into a shoot end and a root end. In 
this repect the axis is said to show polarity , which has been defined as “any situation where 
two ends or surfaces in a living system are different”. Polarity of the axis of plants is most 
readily seen from morphological differences, but we have seen that it is also manifested in 
several physiological properties, as in the basipetal “polar” transport of auxin in stems, and 
in the regeneration of buds from the upper end and roots from the lower end of root seg¬ 
ments (Fig. 13.13). 

Although axial polarity is one of the most striking features of the plant body, ir should not 
be forgotten that there are other forms of polarity. For example, the ilorsivaitraitty of leaves 
involves differences between the upper and lower sides and may be regarded as a form of 
polarity. There may also be radial polarity in spherical bodies, such as cells of Chforella or 
apple fruits, where there is a degree of radial symmetry, but there are differences between 
the inner and outer layers with respect to both chemical constituents and structure. In the 
following discussion we shall be concerned almost entirely with axial polarity and the term 
“polarity” will be taken to refer to this type, unless it is otherwise stated. 

Wc have seen that polarization of the plant body into shoot and root in higher plants is 
initiated by the first unequal division occurring in the zygote. These unequal divisions arc 
preceded by polarization of cytoplasmic components within the mother cell, and since the 
spindle of the first mitosis is orientated along the gradient of cytoplasmic components the 
first cross wall will result in an unequal distribution of these components between the two 
daughter cells. Thus, the polarity of the plant body throughout its development can be 
traced back to the initial polarization of the cytoplasmic components in the zygote. I low- 
ever, in the brown seaweed, Fuats, polarity is not already predetermined in the zygote, 
which thus provides favourable experimental material, since it is a free living cell in which 
the plane of the first division can be influenced by various treatments. 

The eggs of Fucus are released into the surrounding seawater and after fertilization they 
settle in a solid stratum, where the development of a localized protuberance is the first sign 
of a rhizoid, by which the young plant becomes attached to a rock. The position of the 
rhizoid is determined by the orientation of the spindle in the first mitosis, which in turn 
determines the plane of the first dividing wall. The orientation of the spindle can be influ¬ 
enced by gradients in various external factors, such as light, heat, pH and osmotic activity. 
If the eggs arc illuminated unilaterally, flic shaded side (remote from an incident light) 
begins to form a protuberance at about 14 hours after fertilization and mitosis takes place 
so that the axis of the spindle is parallel in the direction of the incident light and a cell wall 
is formed at right angles to this, cutting off a larger cell which gives rise to a future thallus 
and a smaller cell which forms the rhizoid (Fig. 13.11). External factors can influence the 
axis of polarity' up to a few hours before the appearance of the rhizoid, after which the 
position of emergence of the future rhizoid, appears to be irreversibly fixed. 
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Pit;. 13.11. Successive stages in the early development of the embryo a(Fucus. In C, a wall has 
been formed giving rise to the rhizoid and thallus cells. In D, further division has occurred. 


Before there are any visible signs of emergence of the rhizoid, the nuclear surface becomes 
highly polarized with fmgcr-likc projections (representing membranous extensions of the 
nuclear envelope) radiating towards the site of rhizoid formation. Mitochondria, ribosomes 
and fibrillar vesicles are also concentrated in this region of the rhizoidal half of the zygote, 
which is thus more densely cytoplasmic. At the same time changes occur in the cell wall at 
the future rhizoid side, with the deposition of the polysaccharide, fucoidin. As a result of 
these submicroscopic differences between the two halves of the cell, the two daughter 
nuclei come to lie in different cytoplasmic environments. 

These submicroscopic changes are associated with changes in the electrical properties of 
the eggs. It has been shown that the future rhizoidal side of the cell becomes electronegative 
with respect to other parts, as a result of which a current is driven through the cell, with 
evidence that Na and Ca ions enter at the rhizoidal end and chloride ions at the thallus end. 
Moreover, the axis of polarity of an unpolarizcd egg can be fixed by applying a voltage 
across it. It has been suggested that the current helps to bring about differentiation as well 
as axis determination by an electrophoretic effect whereby negatively charged macro- 
molecules are accumulated at certain points. 

Light has a similar effect in determining the plane of the first cell division in the spores of 
the horsetail, Etjuisetum, and of other lower plants, the first cell wall being at right angles to 
the incident light (Fig. 13.12). 

Once polarity has been induced it becomes extremely difficult or impossible to reverse it. 
This fact is well illustrated in regeneration experiments. Thus, if we take stem pieces of a 
plant such as willow and suspend them in a moist atmosphere, they will develop adventi¬ 
tious roots towards the morphologically lower end and the buds will tend to grow out 
most strongly at the upper end (Fig. 13.13). Similarly, if we take segments of the roots of 
chicory, dandelion or dock, and plant them in moist sand, roots will develop mainly from 
the morphologically lower (distal) end and buds from the upper (proximal) end (Fig. 
13.13). Thus, although the willow cutting, and still less the root cutting, does not show any 
morphological differentiation between the upper and lower ends, nevertheless it is clear 
that these organs possess a marked physiological polarity which affects the pattern of 
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Fig. 13.12. Induction of polarity in a spore of Equisetum by unilateral illumination. (From 
D. von Wetfstein, Etteyd. Plant Physiol. 15(1), 1%5.) 
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Fig. 13.13. A. Polarity of regeneration in willow stem. Left: stem cutting suspended in moist 
air in its normal orientation. Right: stem cutting similarly treated but in inverted position. 
Roots grew out at the morphologically lower end and shoot buds at the morphologically 
upper end, regardless of orientation. (Reprinted from Pfeffer's Physiology of Plants , 2nd cd., 
Clarendon Press, Oxford, 1903.) 

B. Polarity of regeneration in root segments, such as those of Taraxacum and Cichorium. Shoot 
buds develop at the proximal end(i,e. the originally furthest from the root tip), and roots at the 
distal end, regardless of orientation. (Reprinted from H. E. Warmke and G. L. Warmke, 
Amer.J. Bot. 37. 272.1950.) 
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regeneration of roots and buds. This polarity is inherent in the tissues themselves and is not 
dependent on gravity, illumination or other external conditions, as is shown by the fact 
that willow cuttings suspended upside down in a moist atmosphere still regenerate roots 
predominantly at the original, morphologically lower end (Fig. 13.13), and similar effects 
are obtained with root segments of chicory which are planted so that the original upper end 
is now lowermost. Lower animals such as J Jydra and planarians show analogous properties 
in the polarity of their regneration patterns. 

The physiological polarity of pieces of stem and root is a “built-in” property of the 
tissues. It might be thought that physiological polarity is due to gradients of metabolites or 
other substances along the stem or root, but this cannot be so, since polarity persists from 
one season to the next, through the dormant period, when metabolism is proceeding at a 
low rate, so that concentration gradients of metabolites are unlikely to persist. The basipctal 
transport of auxin (p. 100) and the occurrence of auxin gradients in the stem must there¬ 
fore be seen as the result of the polarity of the tissues and not the cause of it. 

Wo have seen that a piece of stem shows polarity of regeneration, with a tendency for 
buds to develop from the upper end and roots from the basal end. If such a stein is divided 
into I wo, each half behaves in a similar manner, and this process can be repeated even with 
very short pieces of stem. If it were possible to carry out this process to the limit, we might 
conclude that each individual cell exhibits polarity, and indeed there is evidence that this 
is the case. 'Finis, the filamentous green alga, Cladophora , shows polarity of the plant body, 
in that the basal end forms a rhizoid. It the cells of a filament of Cladophora arc plasmolysed, 
so that tlie protoplasts are pulled away from the cell walls (which will break protoplasmic 
connections between cells), and arc then deplasinolysed, each cell subsequently regenerates 
a new filament, developing a rhizoid at the basal end of the cell (Fig. 13.14). This experi¬ 
ment seems to provide clear evidence for polarity of individual cells of Cladophora. Com¬ 
parable evidence for the cells of higher plants is more difficult to obtain, but much indirect 
evidence supports the hypothesis, such as the occurrence of unequal cell divisions. 

These various observations suggest that (1) polarity of the tissues of a stem or root is 
remarkably stable and is not easily reversible, (2) polarity persists even throughout dormant 
periods, when metabolism is proceeding at a low rate, and (3) the polarity of a tissue appar¬ 
ently reflects the polarity of the individual cells. On these grounds, it has been suggested 
that there must be some permanent, structural basis for cell polarity. The observation that a 
piece of stem can be divided into several pieces, each of which shows the same polarity of 
regeneration, is very reminiscent of the fact that a bar magnet can be similarly divided and 
each piece becomes a small magnet. In a magnet each iron atom possesses magnetic polarity 
and the atoms become aligned during the process of magnetization, so that the “North” 
and “South” pole ot each atom becomes oriented along the axis of the bar. By analogy, we 
might postulate that each cell of polarized organs, such as stems, contains polarized mole¬ 
cules which are oriented along the axis of each cell to form a “cy to skeleton”, but attempts 
to demonstrate such oriented molecules in the cell have so far proved unsuccessful. It is 
interesting that the only linearly oriented structures that wc do know of, the microtubules, 
lie at right angles to the axis of polarization in stems and roots (p. 9). It has been suggested 
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FlG. 13.14. Single cell from a filament of CLidophora regenerating a thallus from its apical end, 
and a rhizoid from the basal end. (Redrawn from A T. Czaja, Protoplasma, n, 601, 1930.) 


that polar transport of auxin may depend upon polarization of the plasma membranes at 
the end walls of the cell (p. 103). 


Polarized Cell Division 

The planes of cell division during the development of an organ play a very important 
role in determining its final form and shape. Indeed, we may say that without oriented cell 
divisions there could be no organized form within the plant body, as we see in cultures of 
callus tissue, where the plane of cell division is at random, and the resulting tissue forms a 
shapeless and structurally unorganized mass (p. 145). Thus, polarized cell divisions give the 
plant body its three-dimensional form. For example, in a developing intemode the majority 
of cell divisions are oriented so that the mitotic spindle lies parallel to the axis of the inter¬ 
node. Consequently the internode grows mainly in length and relatively much less in 
diameter. For gourd fruits of different shape it has been shown that in long, elongated fruits 
divisions in which the mitotic spindle is oriented parallel to the long axis are much more 
frequent than divisions in which the spindle is in other planes, whereas in round fruits 
divisions in one particular plane do not predominate (Fig. 13.15). However, we cannot yet 
say w hat determines the planes of cell division along certain axes. It is clear that nuclear 
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f r<;. 13.15. Distribution of .ingles between mitotic spindles and longitudinal axis of the ovary 
in an elongate type of cucurbit fruit (<i/u>f»r) and an isodiamctric one (bchtv), There is evidently 
a higher proportion of divisions nearly at right angles to the axis (spindles with low angles) in 
the former. In the latter, divisions are approximately equal at all angles. (From Sinnott, 1944.) 

genes are involved, since many differences in form, including those affecting fruit shape in 
gourds, arc inherited in a simple Mendclian manner. 

It would appear that the axis ot polarity of the whole organ also has a strong influence on 
the plane of cell division, by affecting the orientation of the mitotic spindle. How the 
orientation of the spindle is controlled is not known, but we have seen that it appears to be 
determined by the band of microtubules which appears in the cytoplasm before prophasc, 
in the plane of the future cell plate (p. 9). 

When wc come to more complex forms, such as we sec in a stamen or carpel, the problem 
of co-ordination of cell division and growth becomes much more difficult and at present 
we have no idea how this is achieved. 


PATTERN IN DIFFERENTIATION 

Patterns in the distribution of differentiated cells and tissues are very common and can 
take various forms. Thus, patterns may be seen in the arrangement of root hairs in regular 
longitudinal rows or in the regular markings seen in the petals of many flowers. Another 
example of pattern is uniform distribution of structures, such as leaf hairs, over a surface so 
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that they are separated from each other at approximately the same distance, forming a 
“mosaic”. Other forms of pattern are manifold. 

One factor which plays an important role in pattern formation is unequal division, as wc 
have seen. Another phenomenon which seems to underlie pattern formation is the mutual 
inhibition of like structures. An example is seen in pattern formation of stomata in a develop¬ 
ing leaf (Fig. 13.16). We find that the first series of stomata are uniformly distributed 
throughout the surface of the young leaf, but as this expands and the first formed stomata 
become separated by a greater distance, then new guard mother cells arise in the spaces 
between the original stomata. This pattern of behaviour suggests that developing structures 
of like nature, in this case guard mother cells, exert a mutually inhibitory influence on each 
other, so that when one structure occupies a given position, no similar structure can arise 
within a certain minimum distance from it. The cause of this inhibition between like struc¬ 
tures is unknown but it has been suggested that it is due to competition between developing 
structures for specific substances required for their differentiation, so that if one structure 
arises at a given point it will tend to monopolize these substances within a certain radius, 
and so will prevent a second similar structure arising within its “inhibitory field”. 



FlC. 13.16. Mutual inhibition between guard mother cells. Patterns ofstomatal mother cells in 
a dicotyledonous Icat. A. The initial cells are shaded, but the large cell is a hair initial. 1J. Later 
stage in which, due to expansion of the leaf, these initial cells have moved further apart and 
developed into guard cells. The enlarged spaces between these allow the formation of new 
stomatal initials. (Redrawn from E. Bunnmg, Survey of Biol. Progress, Vol. 2, p. 105, Academic 
Press, New York, 1952.) 


Very often isolated cells, such as guard mother cells, show cell division after the surround¬ 
ing cells have ceased to divide and Biinning has called them meristemoids. He suggests that 
mutual inhibition is a property of such meristemoids and he has shown that a number of 
other examples of pattern can be interpreted in terms of this hypothesis. For example, he 
suggests that the formation of discrete strands rather than a continuous cylinder of pro- 
cambial tissue in the stem is due to mutual inhibition of like structures, so that a strand can 
only develop at a certain minimum distance from a neighbouring strand. The origin of leaf 
primordia at the shoot apex may provide a futhcr example of such inhibition (p. 31). 
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NON-GENIC FACTORS rN DEVELOPMENT 

So far, wc have regarded development as a process of “selective gene expression”, 
involving the controlled activity of specific groups of genes, which in turn control the 
synthesis of enzyme and structural proteins characteristic of specialized cells. The informa¬ 
tion encoded in the DNA determines the amino acid sequence in the polypeptide chains of 
proteins, constituting their primary structure. Once the primary structure is established, the 
polypeptide chain can usually take on higher configurations without further directions 
from the genome. That is, genetic control of primary structure determines the secondary, 
tertiary and quarternary structure. 

However, the cell is clearly not simply a random mixture of enzyme and other proteins, 
but has a highly ordered structure, in the form of organelles, membranes, etc., the structure 
of which appears not to be controlled by enzymic processes and hence not directly con¬ 
trolled by the information in the DNA. One way in which certain subcellular structures are 
formed is by the process of self-assembly , in which larger units, such as ribosomes, micro¬ 
tubules and membranes, arc formed by the spontaneous assembly of smaller sub-units, 
frequently protein or nucleic acid macromolcculcs. This self-assembly is not directly 
enzyme controlled, but results directly from the physicochemical properties ot the consti¬ 
tuent sub-units. 

Apart from the well-established process of self-assembly at the molecular level, there is 
other evidence of the importance of non-genic factors in development at the organelle and 
cell levels of organization. Thus, a considerable number of instances of “cytoplasmic 
inheritance” (in which certain characters of die offspring are transmitted through the 
maternal cytoplasm) are known for plants, and wc now know that certain organelles, 
notably the plastids and mitochondria, have some degree of autonomy and indeed contain 
their own DNA. 

Other non-genic factors probably include certain “physical” properties of cells and 
tissues. We have already seen the importance of external environmental factors, such as 
light and temperature, in plant development, but we must also consider the effects of other 
physical factors, such as surface tension and diffusion gradients of oxygen, arising and 
operating within the cells and tissues themselves. For example, attempts have been made to 
account for the position of cell walls in terms of physical laws. Earlier workers drew a 
parallel between the shapes and arrangements of cells in a tissue and those of groups of soap 
bubbles. Now, the shapes of soap bubbles can be interpreted in terms of the effects ofsur-' 
face tension, which tends to make them adopt forms with the least possible surface area 
(Fig. 13.17). Errcra suggested that the shapes of cells can be similarly interpreted (Fig. 
13.18), although it is questionable how far cell walls can be regarded as equivalent to the 
almost weightless films of soap bubbles. Moreover many cell types, such as cambium cells, 
do not appear to adopt a form with a minimal surface area. It is possible, however, that 
Errcra’s laws are applicable to isolated cells, or groups of cells, which will be free of the 
pressures and other influences from surrounding cells which occur in a tissue mass. Thus, 
the position ofthe walls formed during the early development of plant embryos may follow 
Errera’s law and be determined by surface tension effects. 
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Fig. 13.17. Stable partition and walls of minimum surface assumed by two equal bubbles which 
are in contact. Angles OPQ and OPR arc 120°. The distance between the centres equals the 
radii. (From D, A. W. Thompson, Growth tind l : om , Cambridge University Press, 1942.) 




Fig. 13.18. Plate of eight cells (or bubbles) assuming a position of equilibrium where cell surfaces 
are of minimum area. (From D. A. W. Thompson, Growth and Form, Cambridge University 
Press, 1942.) 


Although vve cannot elaborate further on this theme here, it is clear that we should avoid 
the danger of assuming that all aspects of growth and development can be accounted for 
in terms of the information encoded in the DNA of the nucleus. 


EPILOGUE 

It will be apparent from the foregoing discussion of various general aspects of develop¬ 
ment that our knowledge is still very fragmentary and that although good progress is 
being made in certain areas there arc others in which our understanding is almost 
totally deficient. For example, we have little precise information as to (1) how selective 
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gene expression is regulated in eukaryotes, (2) how cell heterogeneity is established in apical 
meristems, (3) how certain cells arc “pre-programmed” to respond to a “signal” such as a 
growth substance, (4) what the “determination” of cells and tissues involves at the molecu¬ 
lar level, (5) how regular spatial and temporal co-ordination of the processes involved in 
morphogenesis is achieved. Indeed, development presents some of the most important 
remaining unsolved problems in biology, the solution of which offers exciting challenges 
for the future. 
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